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In 1955 I was privileged to give an address at the 
World Symposium arranged by the Association for 
Applied Solar Energy. I am highly honored to be asked 
to speak again at this conference. What has happened 
in our field of interest during the last four vears, and 
what advances can we expect in the next four vears? 
In 1955 solar energy utilization was a new science. It 
still is, even though the fields of science and engineer- 
ing which it involves are old,—physies, chemistry, 
meteorology, biology, chemical engineering, mechanical 
engineering, and many others. 

In 1955 no large, important technical use was being 
made of direct solar energy, and the situation is still 
the same in 1959. Some dare to hope that it will be 
different in 1963. It was emphasized many times at the 
1955 World Symposium that although sunlight is 
abundant and cheap, it is expensive to collect and use, 
Moreover, it is regularly intermittent due to nightfall, 
and it is irregularly intermittent due to clouds. Calorie 
for calorie, it cannot compete with cheap coal and oil 
as we have them now in the United States. 

The solar research that I have been connected with 
has been aimed toward the needs of people who do not 
have fuel and electricity. It has been generously sup- 
ported by the Rockefeller Foundation with particular 
emphasis on trying to help the nonindustrialized coun- 
tries. I understand that another group is pointing their 
research toward luxury items, attempting to reach 
people who are willing to pay a premium price for solar 
prestige. May both groups sueceed and lay the back- 
ground eventually for general solar utilization. 

One of the contributions of the 1955 Symposium was 
to popularize solar energy and call attention of scien- 
tists, engineers, and inventors to its interesting poten- 
tialities. This popularization has been successful, and 
further efforts along this line are less needed now. 

Solar energy is totally insufficient to supply the 
energy needs of large congested cities. There is not 
enough sunlight to go around. When in the future our 
fuel supplies dwindle, atomic power will help to supply 
the large cities, but solar energy will have its place in 
the sunny rural areas in the middle section of the world 
(perhaps from 40° north to 40° south of the equator). 
A large fraction of the world’s people live in these areas. 
Atomic energy and combustion fuel both require trans- 
mission lines for electricity which are expensive in 
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sparsely settled country. Solar energy, however, is 
everywhere when the sun is shining, and long trans- 
mission lines are not needed. Here, in my opinion, is 
one of the first opportunities for solar energy,—helping 
to raise the material standard of living among non- 
industrialized peoples. 

In attempting to introduce solar devices in these 
areas, it is well, however, to remember that there are 
three problems, technical, economic, and sociological. 
Iiven if the solar utilization is practical and inexpensive, 
will the people change their habits to make use of new 
devices? 

Although progress has been slow, the incentives are 
high. A roof of 100 sq m receives 500,000 keal of heat 
per day; and at 10 per cent conversion, could give 
7 kw of electricity when the sun is shining. An acre 
could give 270 kw. 

SURVEY OF PROGRESS SINCE 1955 

The status of solar energy utilization up to 1955 has 
been well recorded.!:?)* * What advances have been 
made and what advances are likely to be made in the 
near future in solar cooking, water heating, house 
heating, refrigeration, space cooling, distillation of salt 
water, and in the generation of electrical power from 
solar energy by heat engines, photovoltaic cells, and 
thermoelectric cells? What progress and what prospects 
are there for using sunlight for photochemistry, for 
the chemical storage of heat, for the storage of elec- 
tricity, and for the storage of hydrogen produced by 
electrolysis of water? What is the status of the fuel 
cell? What new materials of value for solar energy have 
been developed and what progress has been made in 
the development of selective radiation coatings? 

There has been steady progress in research in many 
of these fields, but there have not been exciting eco- 
nomic advances as yet. In four cases, however, there 
have been significant technological ‘‘breakthroughs,”’ 
and economic applications may follow later. 

At the Phoenix Symposium the need was pointed out 
for a thin, transparent, tough, inexpensive plastic 
sheet which is permanent in bright sunlight, and which 
absorbs infrared radiation in the region of 9 u for use 
as heat-trapping collectors for the distillation of salt 
water and for solar heating and cooling. We now have 
such a plastic, a highly fluorinated material,—‘‘Teslar”’ 
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just placed on the market by the E. I. du Pont de 
Nemours Company. 

At the Symposium in 1955 we were impressed with 
the silicon photovoltaic cell developed by the Bell 
Telephone Company.’ We have these cells now operat- 
ing in radios and satellites,;—but not on the roofs of 
suburban houses. They convert 10 per cent of the solar 
energy directly into electricity, they use up no materials, 
and they should have an indefinitely long life. They are 
prohibitively expensive, however, for ordinary use. 
Hope for cheaper photovoltaic cells may follow differ- 
ent lines. The highly purified, treated silicon might be 
replaced by cheaper materials for n-p junctions. Photo- 
voltaic cells might be developed which can operate at 
higher temperatures so that focused sunlight can be 
used with cooling. A given area of the parabolic focusing 
collectors is considerably cheaper than that of silicon 
solar voltaic cells. Again, if a layer of electroplated 
crystals or vapor-plated crystals could be treated in 
such a way as to make the polyerystalline film behave 
us a single crystal, the cost could be greatly reduced. 

A third important advance in solar energy utilization 
has been made recently, that of thermoelectricity. At 
the Wisconsin Symposium in 1953 and again at the 
Phoenix and Tucson Symposia, it seemed to be the 
general opinion that thermoelectricity was not promis- 
ing as a converter of solar energy into electrical power. 
An efficiency of three per cent seemed to be the most 
that could be expected, and this efficiency was obtain- 
able only with exotic and nonpermanent metals and 
compounds. In view of recent announcements by 
tussian scientists,® by the Westinghouse Company,’ 
and others, the thermoelectric converter appears to 
be very hopeful. The optimistic change has been due 
to fundamental, basic research in solid state physics. 
Thermocouple material is needed with a high potential 
difference, high melting point, high electrical conduc- 
tivity, and low thermal conductivity. These properties 
appear to be available soon in the form of semicon- 
ductors of mixed compounds, which are not potentially 
expensive. The infrared as well as the visible light can 
be utilized for heating one end of the thermoelements, 
and boiling water can be used for cooling the other end. 
It has been reported that 10 per cent of the high tem- 
perature heat can be converted into electricity. The 
high temperatures necessary can be obtained with 
focusing mirrors of aluminized plastic. Thermionic 
converters with very hot and cold surfaces separated 
by a very narrow evacuated space also appear to be 
promising for the utilization of solar energy. They are 
under development by the General Electric Company® 
and others. 

A fourth field of progress in the utilization of solar 
energy is the development of thin black chemical 
coatings on shiny metallic surfaces to give selective 
radiation coatings’ !° as proposed by Harry Tabor. 


PROGRESS IN SOLAR ENERGY RESEARCH 


Let us review briefly several different fields where 
steady progress is being made in the utilization of 
solar energy. 

Two recent publications by the Department of 
Kconomie and Social Affairs of the United Nations 
deal with recent advances in the utilization of solar 
energy,—one describes possibilities and emphasizes 
important areas of research,'' and the other describes 
progress in different countries around the world.” 
This meeting, sponsored by the Association for Applied 
Solar Energy, New York University, and Stanford 
Research Institute, will bring up-to-date many of the 
developments in solar energy. 


Flat-Plate Collectors 

The factors involved in the engineering design of 
nonfocusing solar collectors were treated in classic 
papers by Hottel!® and his associates. Water and air 
can be heated above 100° C if flat metal containers are 
used with suitable black surfaces and heat-trapping 
covers of glass or plastic. The optimum angles for 
placement have been worked out. 

The Revere Copper and Brass Company has de- 
veloped a thin metal sheet with long narrow com- 
partments which can be blown out with compressed 
air so as to give spaced channels for water heating 
with excellent thermal contact and minimum labor. 


Focusing Collectors 

Several parabolic, spherical, and cylindrical  col- 
lectors have been developed using aluminized plastic 
or aluminum for the reflecting surfaces.'* Duffie 
and LO6f are carrying out an extended research on the 
factors which are important in the engineering design 
of focusing collectors. The design of parabolic reflectors 
for solar furnaces operating at high temperatures 
demands high optical precision, but for focusing re- 
flectors to be used with heat engines and refrigerating 
systems, a much lower degree of optical perfection is 
adequate. Experimental tests have been carried out 
with a spherical reflector 12 ft in diameter, which has a 
concentration ratio of 40 to 1. It raised the tempera- 
ture of a circulating liquid to 200° C, with an efficiency 
of 40 per cent.'* The maneuverability and wind hazard 
may well be limiting factors in practical use. The 
removal of dust from the reflecting surfaces is a problem 
also. 

The focusing reflectors can give higher temperatures 
than the flat-plate collectors, but they require direct 
sunlight and are not operative when the sun is even 
partly covered with clouds. 


Solar Cookers 


Several solar cookers have been described in India, 
Lebanon, Japan, Russia, and the United States. A 
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collapsible umbrella type with aluminized Mylar is 
made by L6f. Another type made from sheet aluminum 
is being sold by a sporting goods supply house—both 
in the fixed parabola form and in collapsible sections. 
Maria Telkes'® has developed a small solar oven with 
reflecting side plates and glass cover plates which 
gives temperatures high enough for baking. 

Duffie’ has developed and tested a vacuum-draped, 
plastic parabolic cooker lined with aluminized mylar 
which delivers over 600 watts of heat in bright sun. 
It is mounted in an effective lightweight frame. It 
has had extensive field tests. Damage from wind is 
a problem. In considering possible use in nonindus- 
trialized countries transportation and social acceptance 


are difficulties for all solar devices. 


Space Heating 

Solar water heating has been used for many vears in 
parts of California and particularly in Florida. There 
has been perhaps more recent activity in the field of 
solar water heating than in other fields of solar energy. 
Publications have appeared in Russia, India, Japan, 
Australia and the United States. 

Solar-heated houses with provision for heat storage 
have developed slowly. A house with hot water storage 
tanks is under test at the Massachusetts Institute of 
Technology.'* Another solar-heated house was_ built 
in Phoenix by the Association for Applied Solar 
Energy.’ L6f® is now testing a house in Denver in 
which solar-heated air passes through a pebble bed 
contained in a large central cylinder and the stored 
heat is used as needed, together with auxiliary gas 
heat. Donovan and Bliss*! lived in a solar-heated house 
in which the heat was stored in an external rock pile 
and the house was cooled by radiation to the night sky. 
A laboratory building has recently been completed at 
the University of Arizona which uses a flat-plate 
collector as a water heater during the heating season 
and as a nocturnal radiator during the cooling season. 

The capital investment required for several days of 
heat storage in solar-heated houses is so great that it 
does not now seem practical to build solar houses 
without auxiliary heating—at least in northern climates 
where there may be extremes of cold weather and 
several successive days of cloudy weather. 

The use of solar heat for small houses in nonin- 
dustrialized areas needs further research. Portable, 
inexpensive collectors are needed with heat storage 
materials locally available. The circulation of water or 


air is a problem when electricity is not available. 


Solar Cooling 

Solar cooling may well come into use before solar 
heating because the cooling is needed most when the 
sun is hottest, and because present methods of cooling 


are so much more complicated than present methods 


of heating. A volatile component is driven out of a 
solution by solar heating and condensed to a liquid 
under pressure. When the solution is cooled, the liquid 
is reabsorbed in the solution, and a cooling effect is 
produced by its evaporation. A small intermittent 
ammonia-water refrigerator has been operated on this 
principle and ice has been made in France and in 
Russia. 

Detailed physical chemical measurements are now 
being made on the pressures, heats of solution, and 
viscosities of concentrated solutions of salts dissolved 
in liquid ammonia which may be interesting for solar 
cooling. Solutions of lithium nitrate, ammonium 
nitrate, ammonium sulfoeyanate, and and other salts 
in liquid ammonia can be made so concentrated that 
the pressure of ammonia at room temperature is con- 
siderably less than one atmosphere. The nonvolatile 
salt gives a binary solution which is easier to operate 
than the water-ammonia systems in which both com- 
ponents are volatile. 

Intermittent cycles with hand-operated equipment 
are simple in principle, but a continuous process with 
circulating systems is more efficient. Freons dissolved 
in high boiling liquids have been proposed, and an 
engineering study for space cooling has been made.” 
Further work is in progress. Adsorption and desorption 
of nitrogen dioxide, methanol, and acetone on silica 
gel have been studied also as possible cooling systems.” 

It is certainly possible to provide solar refrigeration 
and space cooling in nonindustrialized areas where 
they are not now available. Further research, engi- 
neering studies, and pilot plant tests are needed to 
develop equipment which will be sufficiently economi- 
cal and suitable for use with intermittent sunlight. 


Distillation of Salt Water 

This is another area in which solar energy can 
certainly be used. The problems are to lower costs and 
to find suitable locations where the solar distillation is 
economically competitive or the sociological needs are 
sufficiently impelling. Two different systems are now 
being carefully tested in Florida by the Battelle In- 
stitute for the Office of Saline Water of the U. 8. 
Department of the Interior. One of these, designed by 
LOf, has concrete and asphalt troughs of large heat 
capacity covered with slanting glass plates. The other, 
designed by Edlin, has inflated hemicylindrical covers 
of inflated Teslar plastic. The results of the tests will 
soon be available. Efforts are being made to produce 
fresh water from sea water at a cost appreciably less 
than $1 per 1000 gal. Solar distillation is in competition 
with fuel distillation using multiple stills in which the 
condensing water supplies its heat to the incoming 
water, and with membranes using electrical current 
for the separation and removal of ions. 

There are certain places in the world where premium 
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prices are now being paid for fresh water and where 
solar energy might soon be used. In Libya, for example, 
fresh water is hauled in at cost of $14 per 1000 gal 
and electricity costs over 8¢ per kwh. 

Again, there are small islands in the Pacifie Ocean 
where the population is dependent on rain water for 
fresh water, and occasionally the rains do not come. 
Research should be undertaken to see if it might not 
be possible to have long rolls of plastic tube stored 
ready to be spread out on the beach as an emergency 
when the drought comes. Hand operation of a double 
tubular solar still?* could be considered under these 
conditions. 


Heat Engines 

The solar heat can be converted into mechanical or 
electrical power through steam engines or other types 
of heat engines. Small units of about 1 hp could be 
used for irrigation pumping, electric lights, and village 
industry in isolated areas where electricity is unavail- 
able or very expensive. Small internal combustion 
engines have been highly developed for boats and 
lawn mowers and household uses. They are sold in 
large quantities at a cost considerably less than $50 
for | hp. Steam engines of comparable power now cost 
much more, perhaps five times as much. Steam engines 
would provide a possible means of converting solar 
energy into power. 

A conference of representatives of small engine 
manufacturers and others was held in Madison, Wis- 
consin, in 1956, to discuss the reasons for the high cost 
of small steam engines. It was generally agreed that 
the price is high not because of inherent technical 
reasons, but because the demand is small. The belief 
was expressed that if a mass market should be de- 
veloped for small steam engines, they could be pro- 
duced as cheaply as small internal combustion engines. 

However, small steam engines tested thus far 
have low efficiencies; less than 2 per cent under the 
conditions of the test. Research should be carried out 
directed toward more efficient heat engines—high 
pressure vapor engines, turbines, hot air engines, and 
special expansion engines. 


Direct Production of Electricity 

Photovoltaic cells which convert sunlight directly 
into electricity and thermoelectric cells or thermoionic 
cells which convert solar heat directly into electricity 
are attractive. These have been already discussed.*: 7 * 
The elimination of the heat engines with their moving 
parts, lubrication, and boilers would result in a con- 
siderable saving both in capital investment and operat- 
ing costs. It is important to stress research leading to a 
reduction in the cost of the photovoltaic cell and to 
an increase in the efficiency of the thermoelectric con- 


verters. 


Photochemistry 

Although practically all our present combustion 
fuels have been made by photosynthesis in past geo- 
logical ages, there is now no practical production of 
power nor storage of energy by photochemical opera- 
tions other than photosynthesis by growing plants. 

Theoretically it should be possible to obtain over 
three tons of a photochemical product per acre per 
day if the photochemical efficiency of the process is 
unity (one molecule of product is produced for each 
photon of light absorbed) if the molecular weight of 
the photoproduct is about 100, and if one-tenth of 
the sunlight is photochemically active. Practically, 
there is nothing like this in sight. Even the most 
favorable agricultural crops can give only a few tons 
per acre per year. It is estimated that the mass culture 
of algae in plastic bags with high carbon dioxide con- 
tent could give about 20 tons per year. 

A committee on the photochemical storage of energy 
has been appointed by the National Research Council. 
This committee attempted to specify requirements 
which might be born in mind by those who are in- 
terested in trying to find suitable photochemical re- 
actions to be used for the storage of solar energy. The 
photochemical reaction must be endothermic and 
reversible, so that the energy absorbed in the photo- 
chemical reaction is given back when the reaction is 
reversed in the dark. Unfortunately, most of the 
common photochemical reactions are useless for storing 
energy because they are exothermic and irreversible. 
The photoproducts may be separated and stored, or 
in some cases, they can remain together until heated 
to start off the reverse reaction. The system should be 
‘apable of storing at least 100 calories per gram. 

This committee sponsored in 1956 an international 
symposium with the help of the National Research 
Council and the support of the National Science 
Foundation. A book based on this symposium. will 
soon be available.26 Much fundamental research is 
necessary to establish the principles and types of 
reactions which may lead eventually to a practical 
photochemical reaction. 

One reaction of the desired type has been reported.” 
The photolysis of nitrosyl chloride in carbon tetra- 
chloride gives dissolved chlorine and insoluble nitric 
oxide gas. The photoproducts are thus automatically 


separated and will recombine with the evolution of 
heat when mixed at a later time. Most of the visible 
sunlight is effective with a quantum yield of two 
molecules per photon, but the heat evolution of the 


thermal reaction is not large. 

Sunlight is able to bring about photochemical re- 
actions which require large activation energies up to 
60,000 cal per mole and is capable of producing some 
types of free radicals. Although their recombination 
evolves considerable amounts of energy, it is so rapid 
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that the energy cannot ordinarily be stored. It is 
possible to keep these free radicals at low temperatures 
when produced in frozen glasses. 

The Hill reaction is interesting, in which chloroplasts 
in the presence of light can release hydrogen from 
water and reduce oxidizing agents. It is similar to the 
first steps in photosynthesis. Further studies might 
suggest Ways to make use of this reaction. The photol- 
ysis of water containing cerous and ceric ions by ul- 
traviolet light into hydrogen and oxygen with a low 


efficiency has been reported.” 


Photogalvanic Cells 

The ideal photochemical utilization of solar energy 
would involve the production of electricity rather 
than stored heat. The light can produce new com- 
pounds of greater energy content, and it can also release 
electrons. Usually these electrons recombine immedi- 
ately with positive ions or electron-unsaturated com- 
pounds. If a way can be found to illuminate a colored 
solution in which electrodes are immersed under con- 
ditions such that the electrons reach one electrode 
before they react chemically, they could generate a 
current as they go through the external electric circuit 
and feed into the other electrode. Cells of this type 
have been reported?’ and more should be explored. 


Storage of Energy 

There is a great need for storing energy in reversible 
chemical reactions which can give many calories per 
gram. The storage of heat in water or pebble beds can 
be no greater than the heat capacity multiplied by the 
temperature rise, perhaps about 80 cal per gm for 
water. The latent heat-of-fusion of ice is 80 eal per gm, 
and the latent heat-of-vaporization of water is 537 
eal per gm. Many reversible chemical systems have 
been considered, but many more should be explored. 
The reversible hydration of NasSO, at 32.3° C to give 
Na SO;-10H.O evolves about 50 eal per gm. Nuclea- 
tion is a problem in any reacting system which involves 
the formation of erystals. Supersaturation may become 
a serious difficulty. 

Oxidation-reduction reactions evolve many calories 
per gram, but usually they require large temperature 
changes and excessive input of heat to effect reversi- 
bility. Reactions involving complex molecules with 
loose bonds or molecules held together with hydrogen 
bonds may be rather easily reversed, but they in turn 
do not permit the storage of many calories per gram. 

Two-vessel systems are worthy of more attention as 
a means of storing heat. There are many pairs of 
chemicals which can be separated by heating to a 
high temperature and which will evolve considerable 
amounts of heat when recombined. Systems of this 
type include + H.O; H3sPO,; + silic: 
ge| + H.O; silica gel + organic vapors; NH; + NiClh; 


Li + He; U + He; and many others. Two-component 
systems of this kind can be used either for heating or 
cooling. Improved systems for heat storage are of 
interest also for use with heat pumps which are being 
studied in several industrial laboratories. 

It is much more difficult to store energy than to 
store heat. Efforts should be made to develop an in- 
expensive lead storage battery for use with solar- 
generated electricity. It does not have to meet the 
rugged specifications of an automobile storage battery. 
Other types of storage batteries should be explored 
such as the nickel-cadmium cell, the silver-zine cell, 
the ferrous-ferric cell, and cells involving hydrogen. 
The fuel cells are now being actively developed by 
industry. The storage of hydrogen is a challenging 
problem in this connection. Reversible chemical re- 
actions involving hydrogenation are being sought. 

In areas where there is now no electricity it is not 
impossible to consider electrochemical reactions which 
are not automatically reversible. A chemical reaction 
involving a heating or a separation process to produce 
the materials for an electric battery could be con- 
sidered for a moderate-sized solar installation. 


Selective Radiation Coatings 


Steady progress is being made in the development of 
selective radiation coatings, proposed by Tabor. These 
thin black coatings of a semiconductor laid down over 
a bright polished metallic surface absorb most of the 
sunlight (about 90 per cent) and emit only a small 
fraction (10-20 per cent) as much infrared radiation 
as a perfect radiator at 100° to 200° C. With these 
coatings, the effective absorption of solar radiation can 
be improved considerably, and higher temperatures 
‘an be achieved. 

Unger and Hottel® have described an_ effective 
selective coating of copper oxide on the surface of 
aluminum prepared by spraying droplets of aqueous 
copper nitrate, of optimum size and concentration, and 
heating at a specified temperature. 

kiffective coatings have been prepared by electro- 
plating a thin coating of copper on a bright surface of 
polished nickel or silver or other metal and then 
oxidizing in air in an electric furnace at 400°”: *® These 
coatings give high absorptivity for the shorter wave- 
lengths of solar energy and low emissivity in the long 
wavelengths, and they are permanent for many days 
up to 600° C, if the underlying metal is permanent. 


Solar Furnaces 


Following the pioneer work of Trombe there are 
probably thirty different solar furnaces in operation 
for high temperature research. The present status of 
high temperature solar furnaces has been fully covered 


in a recent symposium. *! 
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ROLE OF THE ASSOCIATION FOR 
APPLIED SOLAR ENERGY 
Considering all the fields of activity in solar energy 
utilization that have been reviewed here, it is evident 


that considerable progress has been made in research 
and development during the four years since the 
Arizona Symposia in 1955. It is interesting to observe 


that most of it has been done by industry rather than 

by universities or research institutions. At this meeting, 

only ten per cent of those attending the conference 
were from universities. 

In the absence of large activities in the universities 
and in the absence of large financial incentives for 
industry in the field of solar energy research, the 
Association for Applied Solar Energy has filled the 
breach in an effective way. The large symposia in 
Arizona in 1955, the fine library on solar energy in 
Phoenix, an extensive bibliography and its new 
forthcoming edition, the news edition in the form of 
The Sun At Work, and particularly Solar Energy; 
the Journal of Solar Energy Science and Engineering 
are very important and significant accomplishments 
of the association. The Journal, with its assured help 
from the National Science Foundation, makes prompt 
publication of research available to all those who are 
interested in solar energy utilization. No other single 
Journal could reach the many workers in the different 
sciences and branches of engineering. We are greatly 
indebted to the Association for making these many 
services available. 
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SESSION Il: SOLAR COLLECTORS 


By Harry 


National Physical Laboratory of Israel, Jerusalem 


I would like to make three contributions to this 


(1) MIRROR COLLECTORS 


(a) We have done some work on low-power mirror 
collectors, i.e., mirror systems which do not require 
any diurnal adjustment (though they invariably need 
seasonal adjustment), and the geometry of such systems 
has been described in a recent issue of Solar Energy. 
Two practical points have been noted which may be 
of interest. The first is that a model built using com- 
mercial aluminum mirrors showed the reflectivity to 
drop to about 50 per cent after a month or so of ex- 
posure out-of-doors, so that this material is almost 
useless for collector mirrors. Superpurity, chemically 
brightened and electrolytically anodized aluminum is 
very good but costs three times as much and is not 
available in very large sheets. The search for a sue- 
cessful alternative mirror must continue. 

The second point is that the collector built using 
such a mirror and an inverted horizontal collector had 
a height of a little over 8 ft, and it was therefore not 
possible to clean the collector or the upper parts of the 
mirror except by using a stool or a broomstick. It 
was felt that this would almost certainly lead, in 
practice, to the apparatus not being maintained 
properly in the field, and the unit is now being re- 
designed so that every part can be reached for cleaning 
without mechanical aids. In passing, it was found that 
the aluminum mirrors could not be cleaned satis- 
factorily simply by hosing down and that some light 
scrubbing action was required. However, research on 
a new installation will indicate whether this additional 
effort is inevitable. 

b) A new mirror collector (for producing steam 
at 200 psi) of 3,000-sq ft area is now being assembled. 
This will be made fully automatic in order to get some 
experience of the possibilities for industrial solar 
boilers. While the plant will be expensive, its first 
purpose is to learn the real field difficulties to be ex- 


pected in large collectors. 


Solar Collector Developments in Israel 


Tabor 


(2) PLASTIC WINDOWS FOR COLLECTORS 


In order to reduce the weight and cost of flat-plate 
collectors, plastics are being considered as substitutes 
for glass, and in the continuing attempt to keep the 
cost down thinner and thinner plastics are proposed. 
Some of them have extremely high solar transmis- 
sivities, particularly the fluorine compounds. 

It is, however, necessary to note that these very thin 
films are often considerably transparent to longwave 
radiation and that the “‘hot-house” effect by which the 
action of the flat-plate collector is often described can 
become inoperative. Thin polyethylene has shown a 
transparency of about 86 per cent to heat from a 100° C 
source, While half-mil Teflon showed about 73 per cent. 

We have therefore computed the heat loss from a 
flat-plate collector in which the outer cover is of glass* 
and a second inner window of a hypothetical heat- 
transmissive film is used instead of a second sheet of 
glass. The results are shown in Fig. 1. 

We see that, for a conventional collector using a 
normal black surface, the use of a heat-transmissive 
film (assumed to have 83 per cent transmission and 
17 per cent reflection) results in a heat loss nearer to 
that of a single-glass collector than to that of a two- 
glass collector (curve BFG vs. curves BG and BGG). 
This is because in such collectors the heat loss by 
radiation from the collector plate to the cover is of the 
order of twice the convection loss, and a heat-trans- 
missive film does little to reduce the former; only the 
convection loss is reduced by having two airgaps in- 
stead of one. However, it is interesting to note that if a 
low emissivity (selective) collector plate is used the 
heat-transmissive film shows a very slight improvement 
over the use of glass (curve SFG vs. curve SGG) because 
the radiation term is very small and the temperature 
distribution across the gap is not the same in the two 
Cases. 


The purpose of this note is to warn designers of 


* It is impossible to carry out the calculations with an outer 
cover of heat transmissive film unless the equivalent longwave 
radiation temperature of the sky is specified. 
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HEAT LOSS BTU HR FT’ 


60 100 120 140 160 180 200 220 240 260 
TEMPERATURE 


140 160 10020022020 260-280 300320340 
ACTUAL TEMPERATURE 
Fic. 1—Computed heat losses from large flat-plate collec 

tors. 30° tilt; l-in. airgaps; ambient temperature 70° F; ex 
ternal heat loss coefficient 4 Btu/hr-sq ft-°F (10 mph wind). 
Heat loss upwards: q- + qe. 
Key: BG Normal black 0.95 one glass pane 

BGG Normal black E = 0.95 two glass panes 

BFG Normal black E 0.95 one glass one film 

SG Selective black EK = 0.12 one glass pane 

SGG Selective black E = 0.12 two glass panes 

SFG Selective black E = 0.12 one glass one film 
Heat loss downwards: 

(0.18) rear loss for = 0.18 (e 2-in. insulation) 

qm (0.12) rear loss for hyear = 0.12 (e 3-in. insulation) 
(Film is 83 per cent transparent and 17 per cent reflective to 
longwave radiation. ) 


collectors to pay particular attention when considering 
the use of very thin plastic windows, in order to avoid 
some unpleasant surprises. 


(3) LARGE AREA COLLECTORS SOLAR PONDS 


All of us who, at various times, have thought of 
large solar installations have been worried by the idea 
of acres of glass, metal, plastic, etc., and have wondered 
whether there is some more rational way of collecting 
solar energy in really large amounts. 

The French had the right idea in their concept of 
using the temperature difference between the upper 
and lower levels of an ocean which results from solar 
radiation. Unfortunately, the difference is rather small 
(of the order of 35° F), and the huge quantities of 
water that must be pumped from considerable depths 
have caused recent efforts to fail. To inerease the 


temperature rise the French proposed passing the 
surface water through black-bottomed channels to 
raise the temperature still further, but the net gain 


was only a few degrees. 
We have adopted the concept that the most feasible 
large-area solar collector is a body of water. That a 


black-bottomed pond only heats up a few degrees is 
due to the convection in the pond, which causes the 
heated water to rise to the surface where the heat is 
soon lost to the atmosphere. 

Some years ago, Rudolph Bloch, chief research 
chemist of the Palestine Potash Company, suggested 
that it might be possible to make a pond that did not 
convect by having the water layers of various densities. 
While the first experiments were unsuccessful, we have, 
in the last year, started the work again, and by pro- 
ducing a suitable density gradient in a black-bottomed 
pond by using dissolved salts, a nonconvecting pond 
has been produced. Molecular diffusion of the salt is 
extremely slow. 

In a small pond only 1 sq m in area the bottom of 
the pond reached temperatures 60° F above the surface 
temperature with no detectable convection. In view of 
the large losses to the ground, this was considered a 
very good result, and our mathematicians tell us that 
for an infinite pond five times as great a temperature 
difference is theoretically possible. Of course heat would 
have to be extracted from the bottom of such a pond 
before it boiled: It should also be noted that such a 
pond can have very high heat capacity, thus providing 
its own storage. 

I:xperiments are now in progress on a 4-sq m pond, 
and experiments on a 625-sq m pond are due to start 
almost immediately. 

I do not wish to underestimate the difficulties: it is 
not possible to extrapolate directly from a small to a 
large pond. Wind and other factors may be much more 
important in the case of large ponds. Stray organic 
matter finds its own density level in the pond. 

However, we consider this approach sufficiently 
promising to justify further work, even though it is 
quite costly. 

As an example of the potentialities, we know that | 
sq km in Israel receives 2 & 10° kwh of heat per year 
from the sun. Assuming an over-all conversion effi- 
ciency of 2!5 per cent (30 per cent collection and 8 
per cent turbine), this yields 50 million kwh of elee- 
tricity or is equivalent to a 10,000-kw power station 
operating for 5,000 hours. We presently have evapora- 
tion ponds considerably larger than 1 sq km in the 
Dead Sea area, so that large solar ponds could possibly 
be set up there. 
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The Properties ofa Copper Oxide-Aluminum 
Selective Black Surface Absorber of Solar 


knergy” 


By H. C. Hottel and T. A. Unger 


INTRODUCTION 


The flat-plate solar energy collector is the simplest 
type of collecting device and, in the opinion of its 
proponents, the only one which is economically feasible 
at the present time. Essentially it consists of a black- 
ened absorber plate to which are attached tubes or 
fins for energy removal. The blackened side exposed 
to the sun is covered by one or more parallel air- 
spaced glass plates to reduce energy losses to the 
surroundings. 

The fraction of the solar radiation incident on a 
flat-plate collector which is available for removal is a 
strong function of the temperature at which it is 
desired to remove this energy. As the operating tem- 
perature of the collector is increased, convection and 
radiation losses from the collector to the surroundings 
increase correspondingly, and the amount of energy 
remaining for utilization becomes quite small. At 
operating temperatures above 40° C, the losses from a 
conventional collector are predominantly those due 
to radiation. Since more than 99 per cent of the low- 
temperature energy reradiated by an 80° C absorber 
plate is of wavelengths above 4 « while more than 98 
per cent of the solar radiation reaching the collector is 
of wavelengths below 3 u, the use of a selectively black 
surface with a small emissivity for high wavelength 
radiation as the absorber plate in a solar energy col- 
lector leads to a marked increase in the efficiency of 
collection. This merit of selective black for solar col- 
lectors was recognized some fifteen years ago in the 
but the then 
known selective surtaces, if sufficiently “‘white’’ in the 


Cabot solar energy program at M.I.T. 
infrared, were found to be too light-gray in the visible 
to have practical interest. Some of the early work 
included studies by Edwards and Taylor of various 
pigments in lacquer, applied to bright aluminum.! 
Harris, in wartime studies of infrared detecting de- 

* Publication No. 71 of the M.I.T. Solar Energy Conversion 
Project This paper is based largely on an Se 1) Thesis sub 


mitted in Mav, 1958, by T. A. Unger to the Massachusetts In 
stitute of Technology 


Department of Chemical Engineering, Massachusetts Institute of Technology, Cambridge 


vices, produced a highly selective gold black surface? 
which, however, was thermally unstable. Credit for 
calling attention to the high importance of selectivity 
in solar collector design goes to Tabor, who has more 
recently experimented with a number of | selective 
blacks and reported promising results on surfaces 
prepared by precipitating copper oxide from solution 
onto a sheet of anodized aluminum.* 

To examine the structure of thin selective black 
layers on shiny metal as well as to study the variables 
in the production of such films with the hope of im- 
proving the selectivity, the system copper oxide- 
aluminum was chosen for study. In the experiments 
described here, the oxide was produced by nitrate 
spraying and subsequent thermal decomposition. 


EXPERIMENTS 


Before any deposition of oxide layers was examined, 
a fairly extensive study was made of the optical prop- 
erties of aluminum surfaces. Any anodizing at all 
was found to increase the low-temperature absorptivity 
(and emissivity) above the value for pure aluminum, 
because of the infrared absorption bands of the alumi- 
num oxide. Further, minimum infrared absorption was 
achieved only by use of very highly reflecting aluminum 
sheet; and shiny metal of 99.99 per cent purity was 
finally chosen for the studies. Electro-polishing was 
studied, but found unnecessary for this high-purity 
material. 

The method used to prepare the desired oxide layer 
consisted of spraying a dilute solution of cupric nitrate 
onto a heated aluminum sheet. Under these conditions 
a thin light green coating was formed on the aluminum 
surface, which upon heating above 170°C was con- 
verted to the black cupric oxide. The use of a shiny 
substrate is essential to the process, and no cupric 
oxide deposition ever produced satisfactory  low- 
temperature performance on a surface which was not 
initially a good reflector. 

In the preparation of selective black surfaces by the 
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Fic. 1—The effect of concentration on the effect of deposit 
thickness on solar absorptivity and low-temperature emissivity 
(baking temperature 350° C; drop size 12 w). 
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Fic. 2—The effect of drop size (concentration 0.0025 M; 
baking temperature 350°C). 
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Fic. 3—The effect of baking temperature (spray concentra- 
tion 0.0025 M; drop size 12 yz). 


above means, the effects of various variables of opera- 
tion were studied in some detail. These included: 

(1) concentration of nitrate in spray, 

(2) spray particle size, 

(3) spraying rate, 


drying-plate temperature, 
baking temperature, 
time of baking, 
interval between completion of spraying and 
baking, 
replacement of completely separate spraying 
and baking by alternating short cycles of spray- 
ing and baking, 
amount of deposit per unit area. 

RESULTS 

The effects of the above variables have been assessed 
by specimen examinations with a conventional micro- 
scope, x-ray diffraction apparatus, a spectrophotometer 
operating in the visible, and another in the infrared. 
The following conclusions have been reached: 

The absorptivity for sunlight depends almost ex- 
clusively on the mass of deposit per unit area, and is 
substantially independent of the variables controlling 
the preparation of the film. 

The low-temperature emissivity, on the other hand, 
is quite sensitive to many of the operating variables: 

(1) The aluminum base must be highly reflective, 
and any artificial increase in oxide layer thickness, 
such as by anodizing, is undesirable. 

(2) The spray solution must be dilute (0.0025 molal 
in cupric nitrate is near-optimum; 0.005 is acceptable) 
(Fig. 1). 

(3) The droplets must be small, an examination of 
the product of using mean sizes varying from 60 to 
12 uw indicating a positive but decreasing improvement 
with decrease in mean drop size (Fig. 2). 

(4) The spray rate must be kept below the point of 
incipient visible wetting of the sprayed hot plate, the 
permissible rate increasing with increasing plate 
temperature; but a plate temperature above 170° C 
causes immediate oxide formation and a tendency for 
the deposit to flake off (unless a combined spray-bake 
operation is carried out at 350° C, see below). 

(5) The optimum baking temperature involved in 
the process of converting nitrate to oxide was found to 
be about 350° C, (Fig. 3). 

(6) Delay of some hours between spraying and 
baking had no effect on the optical properties but 
affected adhesion adversely. One of the last studies 
made was the effect of replacing the process of complete 
spray, followed by baking, by one in which spraying 
and baking were alternated throughout the period of 
deposit build-up. This procedure changed the texture 
from a soft loosely adhering deposit fairly readily 
rubbed off to a firmly adhering deposit capable of 
resisting vigorous rubbing. 

(7) Both shortwave absorptivity and longwave 
emissivity increase with increasing thickness of de- 
posit, but the first reaches an asymptote sooner; the 
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Fic. 4—Top curve: emissivity for 80°C radiation, sample 
268. Bottom curve: absorptivity for sunlight, sample 268. 


TOTAL ABSORPTiVITY FOR SUNLIGHT 


ABSORPTIVITY 


RANGE OF 
-40 OPTIMUM 
THICKNESS 
+30 
TOTAL LOW-TEMPERATURE 
EMISSIVITY 
a 
= 
0 WEIGHT/ AREA OF CUPRIC OXIDE mg/em? 
Ql a2 as os o7 os 


Fic. 5—The absorptivity and emissivity of samples prepared 
under optimum conditions, as affected by deposit thickness 


optimum thickness corresponds to a weight of about 
0.3 mg of cupric oxide (CuO) per sq em of aluminum 
surface. 

The optical properties of a sample prepared under 
optimum conditions are shown in Fig. t. Distances on 
the wavelength scale on these plots are proportional 
to the fraction of black-body radiation lving in the 
wavelength range from 0 to the value appearing on the 
scale, obtained by integration of the Planck equation. 
Consequently the average heights of the curves are 
respectively the absorptivity for 6000° K radiation 
(sunlight) and the emissivity for 80° C radiation (a 
reasonable operating plate temperature in a collector). 
Fig. 4 indicates a total absorptivity for sunlight of 95 
per cent and a total emissivity for low-temperature 
radiation of 11 per cent. Fig. 5 shows the effect of 
deposit weight on these two values and indicates the 


range of optimum deposit thickness. 
STRUCTURE OF THE CUPRIC OXIDE DEPOSIT 

Examination of the cupric oxide deposit produced 
by converting the sprayed cupric nitrate shows that: 


(1) Bumps on the surface of the cupric oxide film 
are somewhat flattened, and increase in diameter as 
the cupric nitrate spray solution is made more con- 
centrated. 

(2) Deposits of 0.300 mg per sq em of cupric oxide 
the middle range of optimum deposit weight per unit 
area-—-completely cover the entire aluminum surface. 
I:xposed aluminum is never observed. 

(3) Deposits of about 0.150 mg per sq em cover 
approximately 70 per cent of the aluminum surface. 
This is observed regardless of the concentration of the 
cupric nitrate spray solution used, but is true only 
when the spray drops are not much larger than 12 u. 
Drops of 25 w in diameter, for example, produce com- 
plete surface coverage at the 0.150 mg per sq em 
deposit density. 

(4) Converting the cupric nitrate to cupric oxide 
intermittently during the spraying process produces 
a remarkable increase in the adhesion of the cupric 
oxide deposit to the aluminum substrate, but does not 
affect the optical properties of the specimen. Films 
produced in this manner will resist a vigorous massage 
without damage. 

An attempt to explain the relation between the 
optical properties of the selectively black surfaces and 
the physical characteristics of the cupric oxide film is 
facilitated by taking into account the following calcula- 


tions: 


(a) System Geometry 


Twelve-u diameter drops of 0.0025 M and 0.047 M 
solutions of cupric nitrate would produce spheres of 
cupric oxide 0.376 w and 1.0 u in diameter, respectively. 
Flattening the spheres to disks without changing 
their diameters would reduce their height one-third. 

Twelve uw diameter drops of 0.0025 M and 0.047 M 
solutions of cupric nitrate would produce cylinders of 
cupric oxide with diameters of the base equal to 12 4 
and heights of 2.46 & (2.46 A) and 46.3 K 1074 
(46.3 A), respectively. 

A deposit of 0.300 mg per sq cm of cupric oxide (the 
near optimum value) formed of spheres with a cubical 
packing has a height of 0.895 yu, or about a 3-sphere 
depth. 


(b) Probability of Coalescence During Spraying 


The probability that any drop of cupric nitrate will 
hit some other drop which has not completely evapo- 
rated is directly the fraction of the plate which is wet 
at any time; and this is approximately 1 — enhrd’nt 
where d is the effective time-mean diameter of the 
evaporating drop, n is the specific spray rate, drops 
per unit area and time, and 7 is the duration of evapora- 
tion of a drop. The drops are assumed to have arrived 
uniformly distributed in time and randomly distributed 
in space. The factor / lies between 1 and 4, allowing 
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for the fact that when the fractional coverage by drops 
is small and the spots are largely separated, contact 
occurs when the centers of the impinging and evapo- 
rating drops are within d. If the time-mean drop 
diameter is half the original size, or 6 uw, the evaporation 
time 7 0.1 seconds, the spray rate 1.5-em depth of 
0.0025 M cupric nitrate per hour (equivalent to n = 
0.46 XX 10° drops per sq em-sec), and / is 1, the 
probability that any drop will hit a wet area is 0.05. 

If the deposit of cupric oxide is but a few particles 
thick, approximately 5 per cent of the surface will be 
covered by particles formed from the cupric nitrate 
from at least two spray droplets. 

The probability of forming a cluster of x particles 
is approximately 0.05”. 


(c) Effect of Particle Size on Optical Properties 
It may be shown that the reflectivity of a thin de- 
posit overlying a reflecting backing is given by 
Ral — 
R=r+t+ [1] 
Rarr 
where F is the reflectivity of the system, r the reflec- 
tivity of the surface of the deposit, Ru, the reflectivity 
of the backing, and 7 the transmittance of the film. 
Sethi* derives the following expression for the trans- 
mittance, at a fixed wavelength, of a deposit of particles 
with diameters of the order of magnitude of the wave- 
length: 


[2] 
where /& is the extinction coefficient, ¢ is a constant 
which depends upon the index of refraction, particle 
structure, and wavelength, x is the film thickness, and 
d is a mean particle diameter. Substituting Equation 
[2] into [1] one obtains 

2 2kr—2erd 
Rall — rye 
1 R aire 


In general it is impossible to predict measured 


R=rt+ 


reflectivities from Equation [3] alone, since the ex- 
tinction coefficient is a strong function of the wave- 
length. 

In order to analyze the effect of particle size one 
must examine the reflectivity of the samples at a 
wavelength where there is essentially no absorption, 
so that any difference in the reflectivity of deposits 
of equal thickness is due mainly to particle dimensions. 
This condition is satisfied at high wavelengths. As- 
suming that at 15 wr = 0.04, Ra, = 0.97 and k = 0, 
Equation [3] becomes 
0.8946 


= + 1 — 0.0388¢-27¢4 


For samples prepared under the same conditions of 
cupric nitrate spray concentration, baking temperature, 
and spray drop size, (i.e., with ed constant in Equation 
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Fig. 6—Reflectivity at 15 u in relation to deposit thickness 
and spray concentration (baking temperature 350°C; drop 
size, 12 
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[4]), the reflectivity depends on thickness x and there- 
fore on the weight per unit area. The experimental 
results are so plotted in Fig. 6 for samples baked at 
350° C and prepared with 12-4 drop sprays. The solid 
lines represent the data for three different concentra- 
tions of spray solution. The best value of ed for each 
concentration has been set into Equation [4] to give the 
dotted lines. Agreement between the form of the data 
and Equation [4] is seen to be fair for samples prepared 
with a 0.047 M solution, and becomes good for more 
dilute solutions. 

From Fig. 6 one may calculate the ratios of ed for 
cupric oxide films prepared with different concentra- 
tions of spray solution. Assuming ¢ is the same for all 
cupric oxide deposits one obtains: 


de doo = 
= 3.04; 
y.0025 dy 0025 

Repeating the calculations assuming r = 0.20 in Equa- 
tion [4] would barely change these ratios. 

If the cupric oxide particles were spherical, the 
above calculated ratios would be equal to the ratios 
of the cube roots of the respective concentrations of 


spray solution, i.e., 


- = 266: 
diem 0.0025 


dua 0.01 ) 
= = 1.59 
0.0025 


Agreement between the corresponding ratios of particle 


sizes obtained by the two methods of calculation 
strengthens the hypothesis that the effective particle 
size in the deposit is directly measured by the solid 
content of a single spray droplet. 

Three different hypotheses concerning the char- 
acteristics of the cupric oxide film will now be discussed : 

I. If a cuprie oxide particle is formed from a thin 
disk of cupric nitrate of final diameter equal to the 
original drop diameter, it appears most likely that 
the particles would be closely packed. The height of a 
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0.300 mg per sq em deposit would be 0.469 uw and from 
(a) one concludes that such a deposit is 1900 particles 
high, each particle being a lamina a few molecules 
thick. 


of extremely thin laminae with observation (3), since 


It is very difficult to reconcile this hypothesis 


a deposit of cupric oxide of 150 mg per sq em would be 
about 1000 laminae thick and would consequently 
not exhibit 30 per cent of exposed substrate surface. 
In addition, observation (1) requires the formation 
of immense clusters of these extremely thin particles 
which according to (b) seems very improbable. 

II. If a cupric oxide particle is spherical and of the 
same density as pure cupric oxide then according to 
(a) one would expect deposits formed from a 0.047 M 
cupric nitrate solution to be less than one particle 
high! Therefore, one concludes either that the deposit 
has a higher void volume than that corresponding to 
cubical packing (47.6 per cent), or that the individual 
particles are somewhat flattened. Using observation 
(1) as a basis for the latter assumption and assuming a 
void volume of the deposit ot 47.6 per cent one would 
expect, to that 
from 0.047 M and 0.0025 M solutions are respectively 


according (a), the deposits formed 
1.36 and 3.58 particles high. This hypothesis not only 
satisfies observation (1) but is also in agreement with 
all the caleulated items. The only discrepancy is ob- 
servation (2); for if 30 per cent of the surface is ex- 
posed when half the final number of particles are pres- 
ent, then one expects 0.3° or 9 per cent of the surface 
to be exposed for a deposit of the full 0.300 mg_ per 
sq em; but according to (2) this never occurs. A plausi- 
ble explanation of this discrepancy is to assume that 
spreading of the particles in the deposit occurs during 
baking and fills up the vacant areas. No experimental 
investigation of this was undertaken. 

III. A third hypothesis consists in assuming that 
particle characteristics are unimportant in determining 
the optical properties of the film, but matter only 
insofar as they influence the packing of the deposit, 
the film thickness. Thus, if the 
particles formed from a 0.047 M spray solution lead 


and consequently 


to a deposit of considerably higher void volume than 


that resulting from a 0.0025 M solution, then the former 
deposit is thicker and can conceivably interact more 
with high-wavelength radiation, causing a higher 
low -temperature emissivity. 

If one attributes the increased adhesion reported 
in observation (4) to closer contact between the particles 
in the deposit, films produced by intermittent baking 
during spraying should have a high density. However 
it is observed that the optical properties of a cupric 
oxide deposit produced from a 0.047 M spray solution 
are independent of whether the cupric nitrate is con- 
verted to oxide after or during spraying, that is, whether 


the film is loosely or tightly packed. 


Films of 0.150 mg per sq em of cupric oxide produced 
from large drop sprays do not show any unexposed 
surface. The large drops seem to spread and lead to 
disk-shaped cupric oxide particles which are therefore 
most probably closer packed than the deposits formed 
from small drop sprays. Nevertheless, the high-wave- 
length emissivity of films formed from large drop 
sprays is invariably higher than that of films formed 
from a spray of small drops, which is against the 
hypothesis if the latter type has indeed a higher void 
volume. The effect of packing does not appear to play 
a role in determining the optical properties of the 
selectively black surfaces. 

From the above discussion, it seems most likely 
that the cupric oxide deposit consists of quasi-spherical 
particles, and is only a few particles thick. 

In addition to particle size the state of the cupric 
oxide crystals also plays a role in determining the 
optical properties of the deposit. Examination of the 
deposits by x-ray diffraction indicates an increased 
regularity in the cupric oxide crystal lattice of speci- 
mens baked at high temperatures. Imperfections in 
the crystal lattice of cupric oxide 
semiconductivity, and the state of lattice regularity 
will definitely affect the extinction coefficient. The 
energy necessary to permit an atom to move from a 


are the cause of 


lattice site to an adjacent vacant site decreases with 
increasing temperature, and a sample baked at 350° C 
will exhibit a more regular lattice than those prepared 
at lower temperatures. If one assumes the extinction 
coefficient in the infrared to decrease with increasing 
regularity of the crystal lattice, then it follows that a 
higher baking temperature will lead to a smaller value 
of the low-temperature emissivity. 

There is a tendency towards sintering and coalescence 
of the cupric oxide particles when the films are baked 
at temperatures much higher than 350° C. 

The effect of the variables in the spray process may 
be interpreted by taking into account that a minimum 
low-temperature when the 
curpric oxide film is made of small slightly flattened 
spheres (with a mean size of about 0.4 uw in the experi- 
ments), the cupric oxide having a well ordered crystal 
lattice. 


emissivity is obtained 


MORE RECENT STUDIES 

Subsequent to completion of the above-described 
program, research was undertaken by A. F. Spilhaus, 
Jr., to establish the possibility of shortening the prepa- 
ration time of the selective surface. By raising the 
aluminum plate to 300-400° C initially and carrying 
out a combined vaporization and baking operation, 
Spilhaus was able to make specimens of good mechanical 
stability showing 80 per cent solar absorptivity and 
15 per cent low-temperature emissivity in a 10-minute 
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Fic. 7—The efficiency of a solar energy collector vs. tem- 
perature of the absorber plate. 


spray operation, compared to 93 per cent and 11 per 
cent by the slower process described above. 


CHARACTERISTICS OF COPPER OXIDE- 
ALUMINUM SURFACES AS 
SOLAR COLLECTORS 


Calculation of solar collector performance by es- 
tablished methods’ leads to the conclusion that the 
efficiency of a one-glass plate collector with a selectively 
black receiving surface lies between the values for 
nonselective black systems containing two and_ three 
glass plates, and nearer the latter. This is based on a 
selective surface with low-temperature emissivity of 


10 per cent and absorptivity for sunlight of 92 per cent, 
a combination which is achievable with a coating 
prepared under optimum conditions of spray size and 
concentration, amount of deposit, and baking tem- 
perature described herein. 

The calculated efficiencies of solar energy collectors 
using glass treated to produce low reflection and 
either selectively black or a conventional black ab- 
sorber plate are shown in Fig. 7 as a function of the 
temperature of the absorber. The results are for a 
solar incidence of 300 Btu per sq ft-hr, representing 
quite sunny weather. Selectively black surfaces are 
particularly useful whenever heat is desired above 
70° C, or for miscellaneous heating purposes in which 
it is not possible to cover the absorber plate by a 
glass sheet. Studies to be reported elsewhere have 
been made on the effect of covering overground oil 
pipelines with selective blacks. 
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The University of Wisconsin Research 
Program” 


By J. A. Duffie and G. O. G. Léf 


The Engineering -xperiment Station of the Uni- 
versity of Wisconsin, in cooperation with the chemical, 
mechanical, civil engineering, chemistry, and mete- 
orology departments, is studying some of the problems 
of the engineering applications of solar energy. This 
program includes studies of flat-plate solar heat ex- 
changers and focusing collectors, intermittent and 
semicontinuous absorption cooling systems, focusing 
collectors for small power units and food cookers, 
photochemical processes, and solar radiation measure- 
ments and correlation. 

The Wisconsin program was initiated in 1953, when 
a conference of persons who had been active in research 
in this field was held at Madison. This conference 
was supported by the National Science Foundation 
and the University. From this meeting, and as a result 
of the interest of Farrington Daniels of the chemistry 
department, a program of research in the field was 
initiated. With support from the John Simon Guggen- 
heim Foundation, the National Science Foundation, 
the Wisconsin Alumni Research Foundation, and the 
University, and more recently with grants from the 
Rockefeller Foundation, several principal investiga- 
tions, and a number of related researches in engineering, 


chemistry, and meteorology have been undertaken. 


COLLECTOR RESEARCH 


Basie to all of the thermal applications discussed is 
the solar heat exchange unit, of either the flat-plate or 
focusing type. The economic studies outlined indicate 
that the major item of cost in space heating and cooling 
and in small power systems is the collector. Performance 
of this unit is described by a heat balance for the solar 


energy absorbing surface, which can be expressed as: 
, Aa 


where: 
H = the solar radiation rate on a horizontal surface 
(total radiation for a flat-plate heat exchanger, 
direct radiation only for a focusing collector), 


* Reprinted from Canadian Journal of Chemical Engineering, 
April, 1959, pages 81-83. 


Solar Energy Laboratory, University of Wisconsin, Madison 


R = the ratio of radiation on a tilted surface to 
that on a horizontal surface, 

A, = projected area of the collector, 

A, = the solar energy absorbing surface area of the 


solar heat exchanger (= A, for a flat-plate 
exchanger), 
r = effective specular reflectivity of the reflector 


of a focusing collector, (this factor does not 
enter for a flat-plate exchanger) 

t = the transmissivity for solar radiation of any 
system of transparent covers over the ab- 
sorbing surface, 

a = absorptivity of the blackened surface for 
solar radiation, 

q. = the useful energy transferred to the heat 
transport fluid of the collector, per unit area 
of absorber, per unit time, 

Gi, = the sum of all losses from the absorber, in- 
cluding losses by convection and radiation 
through the transparent covers, and down- 
ward losses by conduction, and shading, per 
unit area of absorber, per unit time, 

die = heat capacity effect of the heat exchanger, 
per unit area of absorber, per unit time, if it 
is not operating at constant temperature. 

The left side of the equation represents the absorbed 
radiation, while the terms on the right show the distri- 
bution of the absorbed radiation. This heat balance 
has been extensively studied for a flat-plate heat ex- 
changer by Hottel and Woertz'. For either type of 
collector, performance is improved by minimizing the 
optical losses (i.e., the departure of the product rra 
from unity) and the thermal losses, the most important 
of which are usually the losses from the absorber by 
convection and radiation. 

The objective of collector studies is to minimize 
the cost of collected energy, by achieving higher 
collector efficiency and/or by use of more economical 
materials and designs. The Wisconsin flat-plate heat 
exchanger studies are presently oriented toward the 
reduction of the optical (ra) losses, which limit the 
absorption of solar energy, and the reduction of upward 
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radiation losses from the absorber by the use of semi- 
transparent coatings to make surfaces having selective 
radiation characteristics. Progress has been made in 
the latter area, and surfaces of metal oxides on metals, 
having absorptivities for solar radiation above 0.9 
and emissivities for longwave radiation less than 0.4, 
are now being used in studies of experimental solar 
heat exchangers. The recent availability of plastic 
materials with desirable characteristics for flat-plate 
exchanger covers or for fabrication of collector parts 
has permitted study of their performance and utility. 
The concept of a unitized solar heat exchanger design, 
suitable for factory assembly and easy installation, is 
being explored as a means of reducing costs. 

Focusing collector studies have included considera- 
tion of the use of plastics and plastic-forming tech- 
niques for solar reflectors? and studies of the per- 
formance of radiation receivers. Research on surfaces 
with semitransparent coatings is applicable to focusing 
collector receivers also, as they are designed to operate 
in a temperature range above 250° F, where radiation 
losses may become a large fraction of the thermal 
losses. Several geometric arrangements of reflector 
and receiver are being studied, as are the precision of 
fabrication and orientation of the reflectors (which 
limit the ratio of areas of reflector to receiver). The 
over-all objective is to minimize the cost of collected 
energy at the temperature levels required for promising 


applications. 


+ 


Fig. 1—Experimental flat-plate heat exchanger during as- 
sembly, prior to blackening of the copper absorber surface. 
Provision is made for mounting three glass covers over the 
absorber. 


Fic. 2—Experimental focusing collector, 12-ft diameter, 
with polystvrene-aluminum reflector and a flat-plate heat ex 
changer. 


Fig. | shows an experimental flat-plate exchanger 
under construction, and Fig. 2 shows an experimental 
focusing collector with a flat-plate receiver. The 
performance of both types has been discussed in a 
recent publication.® 


SOLAR COOLING 


The Wisconsin program of solar cooling development 
includes consideration of continuous absorption cycles 
for air conditioners and intermittent cycles for food 
coolers. Intermittent units, designed for use as food 
refrigerators in nonindustrialized countries, have been 
described by Williams, et al.4 The continuous systems 
under study are absorption coolers with heat supplied 
to the generator of the cooling units from flat-plate 
solar heat exchangers.’ A schematic diagram is shown 
in Fig. 3. A storage unit is shown between the collector 
and the generator; an alternative is the location of 
storage facilities between the evaporator and the 
cooled space. 

Ambient temperature, horizontal radiation, and 
radiation incident on a south-facing tilted collector 
during a typical hot summer day in Madison show 
in Fig. 4 the variability of radiation on a fixed flat- 
plate solar heat exchanger and an approximation of the 
changing cooling loads. A study of the relationships 
between cooling load and energy supply on collectors 
of various orientations indicates that hot days in 
Madison are usually accompanied by high radiation. 
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Fig. 4—Ambient temperature, radiation on horizontal col 
lector, and radiation on a collector tilted 35° to the south, for 
a hot summer day at Madison, Wis. 


The challenges in this program lie in the development 
of techniques to meet the limitations and variability 
of the solar energy supply by suitable design of the 
combined solar exchanger-cooler system. The immedi- 
ate objectives are to investigate some of the many 
possible design combinations of solar heat exchangers, 
short term storage systems, and cooling units, by 
analytical studies and by operation of an experimental 
cooler. It is also of considerable importance to optimize 
collector design for combined summer cooling and 


winter heating use. 


SOLAR POWER 


The development of small (1- to 10-hp) solar power 
units using steam engines or other prime movers is 
being studied. The problems are divided into separate 
investigations of the solar exchangers and _ prime 


movers, With subsequent combination of the two 
elements to obtain optimum systems. The solar heat 
exchanger studies outlined above contribute to the 
solar power investigations, and parallel with them 
have been studies of several conventional and special- 
ized types of prime movers which might be combined 
with a solar collector. Most of these efforts on engines 
have been concerned with low pressure steam, 35 
to 40 psi, and higher pressure ranges are now being 
investigated. The experimental results with low pressure 
engines indicate that with presently available equip- 
ment of this capacity, engine efficiencies are less than 
4 per cent. For solar power units in underdeveloped 
areas, ease of maintenance and operation by unskilled 
personnel is also being considered in the development 
and design of equipment. 

Another approach to the problem of solar power 
generation lies in the use of solar ‘batteries’ of light 
sensitive silicon cells. The present cost of these units is 
prohibitive, but if the temperature of the cells can be 
controlled, there is the possibility of increasing the 
energy flux on them by use of a focusing reflector. 
With the increased electrical output per cell, the num- 
ber of cells required and the total investment may be 
reduced. Studies of these factors are in progress. 


OTHER APPLICATIONS 


For potential applications of solar energy in under- 
developed areas, the economic factors may be no more 
important than sociological considerations. This point 
may be illustrated by reference to a recently developed 
reflective-type solar cooker comprising a conveniently 
supported plastic parabolic reflector large enough to 
deliver heat to a grill at a rate of 600 to 800 watts. 
Some of these units have been distributed to low- 
income families in northern Mexico with the objective 
of assessing their effectiveness in replacing part of the 
wood or other cooking fuels used in that area. 

In connection with problems of obtaining solar 
radiation data in the desired form, i.e., as the total 
radiant energy over hourly periods, an integrator- 
recorder has been developed. This instrument shows 
hourly values of integrated radiation rather than the 
record of radiation vs. time usually obtained with 
recording potentiometers. 
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There are several fundamental problems upon which 
further information must be obtained or technological 
breakthroughs realized in order to bring solar energy 
utilization to its fullest potential. The first of these 
involves a more accurate prediction of the solar source 
itself. This source is a transient one not only seasonally 
and geographically, but also with such meteorological 
variables as cloud patterns, atmospheric contamination 
and atmospheric water vapor content. At the present 
time there is insufficient knowledge to permit a statisti- 
eal prediction of the availability of solar energy in 
most areas of the world, and this is the starting point 
of solar utilization problems. 

The second fundamental problem concerns the col- 
lection of solar energy. Both fixed and moving col- 
lectors have disadvantages. For most low temperature 
applications, plane collectors appear advantageous, 
while for high temperature collection concentrating 
devices are necessary. Improvements in collectors both 
insofar as cost and efficiency are concerned may be 
possible through wavelength and wavefront discrimi- 
nation, through simplified combinations of collector 
surfaces and configurations of transport passages, and 
through the use of translucent solar trapping materials 
other than glass. A vast number of solar utilization 
devices become immediately practical if collector 
systems can be constructed and maintained cheaply 
enough. 

Storage, either from the standpoint of initial energy 
storage or storage of the end effects of the use of solar 
energy is necessary in practically all applications. 
Where such applications as water pumping and distilla- 
tion are concerned, the end effect can be stored, and 
thermal storage is unnecessary. In such applications 
as space heating or cooling, the thermal energy itself 
must be stored and used as necessary in order to main- 
tain predetermined temperature levels. If the energy 
is to be converted into another form of energy such as 
electricity, the storage of thermal energy may be 
replaced by the storage of electrical energy. Thermal 
storage systems in particular need further study and 
improvement. 

A fourth fundamental problem concerns the con- 


Solar Collector Research at the University of 
Minnesota 


By Richard C. Jordan 


Department of Mechanical Engineering, University of Minnesota, Minneapolis 


version of solar energy into other forms of energy such 
as electrical or mechanical. Thermoelectric conversion 
in particular shows high promise for applications 
where the energy demands are very light. 

In the Mechanical Engineering Department at the 
University of Minnesota a solar energy laboratory 
has been developed to permit research in those areas 
which concern the interests and the capabilities of the 
staff. The principal current areas of research concern 
the availability of solar energy and the study of solar 
collector systems. In the solar collector laboratory two 
identical collectors have been constructed, each ap- 
proximately 7 ft. 1 in. x 3 ft. 3 in. in face dimension. 
These collectors are operated simultaneously so that a 
single variable may be studied under conditions of 
identical solar insolation. The collectors incorporate 
two separate fluid circulating systems, one for each 
collector, and each system consists of a storage tank 
with a circulating fluid, a pump, a refrigeration unit 
for the absorption of the collected heat, a flow controller 
and a flow-rate sensing element and recorder. The 
fluid temperature in the storage tank is maintained 
at a constant value by a thermostatically controlled 
refrigeration system, and the flow controller maintains 
a constant outlet temperature at a fixed point. The 
flow-rate sensing element and the recorder provide a 
continuous record of the flow rate throughout the tests. 

That portion of the University of Minnesota solar 
research program which has involved solar collectors 
has used this facility primarily as a means for verifying 
planned experiments and theoretical analyses. In 
most cases, study of the individual variables affecting 
solar collector design can be pursued more quickly, 
although often without the same degree of accuracy, 
by the use of such instrumentation as a pyrheliometer 
and a hemispherical integrating and radiometer to 
determine the absorptivities, reflectivities, and trans- 
missivities of the materials concerned and through 
analysis and prediction of their effect on collector 


performance. 

One example will suffice. During the past two years 
these solar collectors have been used not only for solar 
collector studies but also as solar calorimeters to 
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determine the rates of transmission of solar energy 
through shading materials designed for its retardation. 
These studies have included opaque materials, ma- 
terials translucent to solar radiation, and highly re- 
flective materials. In determining the rates of trans- 
mission two different procedures were used. First, the 
calorimeters were adopted to installation of the shading 
materials, and the proportion of the ineident solar 
energy passing through was measured. Second, de- 
terminations were made of the transmissivities and 
reflectivities of the shading materials independent of 
the calorimeter tests and equations developed by which 
these physical factors could be used to calculate the 
shade transmission factors. The differences in the 
shade transmission factors determined by the two 


procedures ranged from zero to a maximum variation 


of 12 per cent. However, the sensitivity of the calculated 


transmission factors to determinations of the reflec- 
tivities and transmissivities was such that experimental 
variations in these values materially affected the 


over-all transmission values. It was concluded that 
in those eases where the physical constants could be 
reliably evaluated the transmission factors could be 
calculated accurately, but in those cases where these 
values were open to question, calorimeter tests were 
necessary since the variations in a single factor were 
reflected in a magnified variation of the transmission 
factor. 

At the present time studies are proceeding on: (a) 
the effect of various types of plate absorbing materials 
and surfaces, and various types of bounding or en- 
closing material such as transparent plastics on col- 
lector design; (b) the effect of such practical factors 
as the reduction of collector efficiency with dust, mois- 
ture, or other forms of contamination on the glass or 
plastic enclosing materials; and (c) the effect of various 
configurations of secondary concentrating devices 
or reflectors adapted to flat-plate collectors. 

It is intended that the results of these researches be 
available for publication within the next year. 
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SESSION III: WATER HEATING, SPACE HEATING, AND SPACE COOLING 


| Solar Water Heating and Space Heating in 
Florida 


This paper will briefly describe methods used for 
solar water heating—the only commercially available 
application of solar energy in the United States at 
this time. Present practices are discussed first and then 
special and newer and better designs. The heated 
water has found applications in the domestic hot-water 
supply, in restaurants, in hot water for space heating, 
and in swimming-pool heating. A similar design can 
also be used for air heating and is therefore described 
at the end of the paper. 


SOLAR WATER HEATING 


Many of my remarks pertaining to Florida are 
fairly general and can be easily modified for other 
areas. In Florida, solar water heating is well-established, 
with a number of industries specializing in the manu- 
facture and installation of the “standard Florida 
design”’ as it is found today. Fig. 1 shows such a heater, 
consisting of an absorber and a storage tank. The 
absorber consists of a copper sheet with copper tubes 
soldered to it, formed into a sinusoidal pattern. This 
sheet and tube combination is then placed into a sheet- 
metal box with insulation under the actual heating 
element and with a single glass cover over the top. 

The water heated by such an arrangement, which 
for a single family dwelling is usually 4 x 12 ft, is then 
stored in an insulated tank from which it can be drawn 
as needed. The tank is normally placed higher than the 
absorber since this arrangement allows free or natural 
circulation between the absorber and the tank and does 
not require a pump. The tank size is usually figured 
on the basis of 20 gal of hot water per person per day. 

The best orientation for the absorber or heat col- 
lector is facing south at an inclination with the hori- 
zontal equal to the local latitude plus 10°. This angle 
gives more efficient operation during the shorter days 
in the winter. For such an installation in Florida an 
average conversion efficiency of about 70 per cent can 
be expected. Several typical actual installations are 
shown in Figs. 2, 3, 4, 5, 6, 7, 8, and 9. Some of the 
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Fig. 1 


storage tanks in these installations appear as false 
chimneys protruding through the roof. 

Fig. 10 gives a graphical presentation of an economic 
comparison of different types of water heater installa- 
tions in Florida. It can be seen that the solar water 
heater becomes the most economical system after it has 
been used only a short length of time. It is also ap- 
parent that a solar system is not likely to be installed 
in a house which is built for sale, since the ultimate 
buyer is the one who buys the fuel in the years to come 
for hot water produced by systems which can be in- 
stalled for a lower initial expenditure. 

These standard solar hot-water systems have two 
serious limitations: 

(1) The maximum water temperature is below 200° F 
and decreases with an increase of the water quantity 
needed. 

(2) In freezing weather the absorber has to be pro- 
tected either by heating or by draining, since serious 


damage otherwise will result. 

Much of our more recent work has been connected 
with attempts to overcome these difficulties. Several 
methods have been devised and investigated. 
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Three main changes have been made: 

(1) More glass layers have been added, decreasing 
the heat losses from the front of the absorber and 
thus increasing the temperatures attainable. With this 
method, however, the actual amount of heat reaching 
the absorber element is decreased, since the transmis- 
sivity of the glazing arrangement is reduced. 


(2) A flat-plate absorber was coupled with a con- 
centrating absorber as shown in Fig. 11. Temperatures 
of over 500° F were obtained with this arrangement. 
On cloudy days when solar concentration was not 


possible the concentrating absorber was bypassed, 


and only the flat-plate absorber was used. 

(3) The arrangement shown in Fig. 11 is relatively 
complicated and expensive, as it requires a tracking 
mechanism. An attempt has been made to accomplish 
essentially the same results with a much less expensive 
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system. Fig. 12 shows such a high-temperature ab- 
sorber; it consists of horizontal parabolic troughs with 
pipes running through their focal lines. This high- 
temperature absorber was set up facing south and 
inclined to the horizontal at an angle equal to the 
local latitude plus 10°. The results obtained (meaning 
the maximum temperatures) were less than those 
with the arrangement described under (2), but this 
system was much less expensive and once set up 
needed no further attention. 

To overcome the danger of freezing damage pointed 
out under (2), dual circulation systems were designed 
using a closed primary loop operating at atmospheric 
pressure. The heat was transferred from a coil in the 
standard water tank to the water in the tank, or through 
the tank wall, where a thin cylindrical shell was used 
around the regular tank to form a heat exchanger 
system. These arrangements have two great advantages: 

(1) The primary or energy-absorbing circuit could 
be operated with any fluid under any pressure. At- 
mospheric was naturally the most convenient pressure. 
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Water was used, with antifreeze added in the primary 
circuit, thus preventing freezing damage to the ab- 
sorber. Again, as mentioned above, the designs were 
twofold. One had a heating coil in the tank, and the 
primary hot fluid circulated through this coil giving off 
heat to the water in the tank. The other design was a 
double-walled tank with a very thin outer shell which 
formed part of the primary circuit; the heat was trans- 
ferred to the water in the tank through the cylinder 
wall. This latter construction was very simple and 
inexpensive. 

Having a primary circuit in the dual circulation 


system which operates at atmospheric pressure makes 


it possible to use a much less expensive absorber, 
made from very thin sheet metal, as it does not have 
to have much structural strength. Estimates indicate 
that the saving obtained in the absorber construction 
are enough to pay for the double-walled tank arrange- 
ment. 

A great number of different atmospheric absorber 
elements were investigated. The best results were 


obtained with an arrangement consisting of two thin 
flat-plates joined at the edges; as an arrangement it 
had a very low heat capacity. Such an experimental 
absorber element is shown under test in Fig. 13, and 
a test bank setup in Fig. 14. 

Some of these improved designs will probably be- 
come available in the future as other methods of pro- 
ducing hot water become more expensive (and fuel 
costs have been raising steadily) and as the cost of the 
solar water heaters is reduced through use of better 
and cheaper materials such as plastics. Also, it is much 
more economical to incorporate a solar hot-water 
system into the original construction of a house rather 
than install it later. The absorber could, for instance, 
replace a section of the roof. 


SWIMMING POOL AND SEWERAGE DIGESTER 
HEATING 

Fig. 15 shows three systems which are under study 
for water heating or sewerage heating, depending upon 
the interest and need. The system consists of tanks 
which are here designed in the shape of conventional 
sewerage digesters so as to be directly applicable. There 
is, however, no reason Why swimming pools or sewerage 
digesters could not be designed with an even more 
favorable surface-area-to-depth ratio. One of the tanks 
was covered with a horizontal layer of glazing (either 
floating on the surface or stretched tight across and 
above the surface). The second arrangement was essen- 
tially the same, but the glazing material was inclined 
more favorably toward the sun, so that reflective losses 
were at a minimum. The third arrangement consisted 
of a flat-plate absorber and a pump which circulated 
the water or sewerage from the tank through the 
absorber. This arrangement proved to be the most 
effective because of the continuous and effective circu- 
lation, and because no condensation occurred on the 
glazing material to reduce the transmission to solar 
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radiation. The floating cover was second best, and the 
horizontal, tightly stretched cover least effective. The 
heated arrangements produced average temperatures 
from 7° to 20° above the unheated arrangements. (The 
first tank was often used unheated for comparison.) 
Similar results were obtained whether the tanks were 
filled with water or sewerage. In the winter of 1957/58 
all the bacteria vital for the sewerage digestion and 
ultimate disposal died in the unheated tank during a 
prolonged freezing spell, but in the solar-heated tanks 


they only slowed down and then recovered. The tank 


in which they died had to be restocked. 


SPACE HEATING 


For the purpose of space heating, hot water can be 
used in the conventional manner and supplied as it is 
for other purposes. The solar collecting and storage 
part, therefore, would not differ except possibly in size. 

If air is used for heating purposes it can be obtained 
from a solar air heater. Only one design, with small 
variations, has been investigated here. It consists of a 
wooden box with overlapping aluminum sheets spaced 
about 1 in. apart with one-third of each plate exposed 
to the sun. The box was first covered with one layer of 
glass, and later, for comparison, with a number of 
different plastic sheets. The heat reaching the alumi- 
num plates, which were painted to present as good an 


Fig. 16 


absorbing surface as possible, was then distributed by 
conduction throughout the plate. The air streaming 
between and over the plates was heated by convection. 
Both free and forced convection and circulation were 
used in the tests, and efficiencies comparable to those 
of the absorbers ot the hot-water systems were obtained. 
One small absorber of this type is shown in Fig. 16. 

Cooling due to night radiation was not significant, 
probably because the orientation was unfavorable with 
respect to the sky when favorable with respect to the 
sun during the day. 
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Solar Energy Research: Some Australian 
Investigations" 


By R. N. Morse 


INTRODUCTION 


Since the results of the investigations into the 
performance of solar water heaters in Melbourne were 
published in April 1954, it was not possible to embark 
on any very extensive program of solar energy re- 
search until the Engineering Section occupied its new 
laboratories a little over a year ago. It is now hoped to 
extend this work to cover those aspects of the utiliza- 
tion of solar energy applicable to water heating, cooling 
for air conditioning and food preservation, and drying 
and dehumidifieation. This will involve a better under- 
standing of the mechanism of selective absorption and 
the preparation of selective absorbing surfaces, as well 
as the development of optimal designs for specific 
processes. 

So far in Australia it has been necessary to develop 
this sort of equipment to an advanced stage before 
manufacturers are prepared to produce it. This applies 
even to a unit such as a flat-plate absorber for a solar 
water heater, which tends to be built by small firms 
without extensive development facilities. 


SOLAR WATER HEATERS 


The early solar water heaters in this country used 
flat-plate absorbers with either timber or sheet-metal 
bases, and some form of putty or caulking compound 
to seal the glass cover-sheets. Although satisfactory 
from a thermal point of view, they required considerable 
maintenance, so that it was considered desirable to 
develop a unit which could be expected to have a life 
of 10 to 20 years without attention. Such a unit is the 
standard 16-sq ft absorber illustrated in Fig. 1, which 
is now in commercial production by a number of 
manufacturers throughout the country. It has an 
asbestos cement base, copper absorber plate, and the 
glass cover-sheets are supported only around the edges 
of the unit on a rubber gasket protected from ultra- 
violet radiation by sheet-metal retaining strips. The 
units are such that they can be connected in series for 


large installations. 
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Fic. 1—Standard 16-sq ft absorber unit suitable for series 
connection in large installations. Any number of these may 
be connected in series, depending on the size of the installation. 


Detailed drawings and a description of metbods of 
installation have been published. ! 

In view of the large number of requests received 
for information, a leaflet? is being printed covering 
problems met when installing solar water heaters in 
either new or existing premises. 

The performance of standard units in a number of 
nontropical parts of Australia has been reported by 
Czarnecki. He has shown that, for a constant daily 
demand for water at 135° F, solar radiation will pro- 
vide between 60 and 80 per cent of the annual heat 
energy required, depending on locality. The balance 
‘an be made up by supplementary heating or, alterna- 
tively, the demand must be reduced during periods of 


low insolation. 


Tropical Applications 

Solar water heaters are believed to be especially 
suitable for tropical conditions, principally because of 
the very uniform insolation in these areas. This can be 
illustrated by comparing the estimated average daily 
output of a solar water heater in Darwin (latitude 12°) 
for the best and worst month of the year. The ratio, 
best to worst month, is 1.4, as compared to about 5 
in some of the higher latitudes. This uniformity gives 
better plant utilization and, it is believed, will justify 
installation without any auxiliary heating equipment. 
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Fig. 2—Roof-mounted water heaters showing angle of 
inclination for maximum year-round collection (background) 
and equal collection summer and winter solstices (foreground). 


An Inter-Departmental Committee appointed to 
report on equipment for tropical houses has recom- 
mended that solar water heaters be installed in all 
future government houses built in these areas. A brief 
account of some of the factors affecting the operation of 
solar water heaters in the tropics is given in this Com- 
mittee’s report.* 


PERFORMANCE OF FLAT-PLATE ABSORBERS 


In order to blend satisfactorily with the architectural 
treatment of buildings, it is often not possible to mount 
absorbers correctly oriented at their optimum angle of 
elevation. Accordingly, an analysis? has been made of 
the insolation on inclined surfaces throughout the year 
for varying angles of elevation and different latitudes. 
It is shown that for latitude ¢ between 10° and 45°, 
the maximum annual collection occurs when the angle 
of inclination is about 0.9 ¢g, and for an inclination of 
about 1.5 ¢ the energy collected at the summer and 
winter solstices is equal (Fig. 2). When no booster is 
used the optimum angle of inclination appears to be 
about 1.2 ¢. Fig. 3 shows how the insolation varies 
throughout the year on inclined surfaces at latitude 30°. 

Deviations in azimuth from a due north (or south) 
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Fic. 5—Mean relative annual insolation on surfaces facing 
north at inclination 8 


orientation become less important at low latitudes 
(Figs. 4, 5). This gives much more flexibility in the 
mounting of absorbers than was hitherto thought 
desirable. It seems that in low latitudes, say less than 
25°, large deviations from the ideal in both elevation 
and azimuth can be tolerated without much loss. The 
loss becomes progressively more serious as the latitude 
increases. For solar water heater application it has been 
the practice to try and keep within 5° of the correct 
inclination and 10° of due north orientation. It seems 
that this is unnecessarily restrictive. Rarely would the 
cost of special mountings be justified if an absorber 
could easily be installed on a roof or wall which de- 
viated, say, 30° from due north. 


FREEZING OF ABSORBERS 


A method of preventing damage due to water freez- 
ing in absorbers has been developed. This is suitable 
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Fic. 6—Air trapped between indentations prevents pipe 
bursting when water freezes. 


for absorbers of the type described above, in which 
there is a top and bottom header of about | in. diameter 
running horizontally, connected by a series of smaller 
diameter tubes. The headers have a series of indenta- 
tions about 3 in. apart, as shown in Fig. 6. These trap 
air under ordinary operating conditions, and, when 
the water freezes, enable the ice to expand and com- 
press the air without the pressure inside the pipe rising 
excessively. Although laboratory tests and artificially 
imposed conditions have shown this device to be 
satisfactory, it has not yet been proven in the field 
where certain complicating factors affect its per- 
formance. For example, the solubility of air in water 
increases as the temperature drops, so there is a 
tendeney for the air in the lower header to be absorbed. 
Furthermore, when no water is drawn from the system 
and therefore no fresh water added, there is again a 
tendency for the air to be released inside the storage 
tank, and the pockets in both the top and bottom 
headers to be absorbed. Further field tests are planned 
for the coming winter, and while it seems that the 
device may not be satisfactory for conditions of severe 
freezing, it may cope with the heavy frosts which are 
common in the inland areas of Australia. 
SELECTIVE SURFACES 

Some work has been done on the properties of 
selective surfaces originally proposed by Tabor.* The 
immediate objective is the development of a flat-plate 
absorber which will operate satisfactorily at temper- 
atures suitable for an absorption refrigerator. The 
surfaces which have been examined so far have absorp- 
tivities of the order of 0.7, which is significantly lower 


than the values reported by other workers, and show 
only a marginal improvement over plain black surfaces 
at the temperatures under consideration. This work is 
incomplete, but an interim report has been published.’ 


AIR CONDITIONING IN THE TROPICS 


In a report on environmental problems in tropical 
Australia, Maepherson*’ drew attention to the im- 
portance of air conditioning. He considered that it 
would provide the most important single contribution 
to increasing the output of effective work and im- 
proving the health and morale of those living in these 
areas. Accordingly, the special problems of tropical air 
conditioning are now being examined, together with 
the way in which solar energy can specifically contribute 
to their solution. In addition to methods of solar 
refrigeration by more or less conventional processes, 
the question of solar dehumidification is being ex- 
amined. This will be a long-term study, and it is not 
expected that immediate results will be forthcoming. 
It is, however, considered that this is one of the most 
challenging possibilities for the widespread use of solar 
energy, since both the load and the source of energy is 
uniformly high throughout the vear and the alternative 
sources of power are expensive. 
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Solar Water Heating in Great Britain* 


By Harold Heywood 


Woolwich Polytechnic, London, England 


There is evidence of a growing interest in the United 
Kingdom regarding developments taking place in solar 
energy utilization, but under present conditions it is 
not easy to foresee how these may be put to practical 
use. Nevertheless, there are indications that changing 
conditions may eventually swing the balance of eco- 
nomic factors so that certain applications will become 
feasible in this country and even more easily so in 
Commonwealth countries. 

The use of solar energy for water heating is the most 
promising of these objectives, but it must be realized 
that in temperate climates the periods of self-sufficiency 
are relatively short. Hence, for successful development, 
the solar heater must be regarded as a preheater and 
combined with an auxiliary heat source to raise the 
water to the final temperature required. The normal 
flat-plate type of heat collector with natural circulation 
induced by thermal convection is satisfactory for re- 
gions with ample sunshine, but operation by forced 
circulation with a pump could take fuller advantage of 
intermittent sunshine periods and of a lower altitude 
sun. The water flow should be controlled thermostati- 
cally and the temperature rise limited, so that short 
heating periods could be utilized. The size of the hot- 
water storage tank should be increased above the usual 
one gallon per square foot of heating surface, and the 
preheated water fed to the conventional heating system 
for the final boost in temperature. 

Comparative tests have been made in the London 
area to determine the rates of heat collection under 
these two systems of flow, with the following results: 

Thermal circulation: 

1,000 Btu, ft?-day rarely exceeded even with con- 
tinuous brilliant sunshine, 

600-800 Btu /ft?-day averaged in summer, 

300-400 Btu, ft?-day in spring and autumn, 


negligible recovery in winter. 


Forced circulation: 
1,500 Btu ft?-day frequently attained in summer, 
1,000 Btu ‘ft?-day obtained in spring and autumn, 
500 Btu ft?-day occasionally in winter. 
The temperature rise with forced circulation was, of 
course, only about one-third of that obtainable by ther- 


* Not presented at conference. 


mal circulation, but the heat recovery was increased 
considerably. Data obtained from Kew Observatory 
show that the radiation falling on a square foot of roof 
area is of the order of 3 therms per year, of which 2 
therms per year could be collected by the system de- 
scribed above. This latter figure is equivalent to a daily 
average of 550 Btu per sq ft which, although not always 
attained during the winter, would be considerably ex- 
ceeded during the summer. With present prices in the 
United Kingdom for fuels and electricity and for the 
cost of manufacture of the heater, the profit is marginal, 
but a significant advantage could be obtained by sim- 
plifying the construction of the heater and introducing 
mass production methods. 

The writer is continuing research on the influence of 
various design factors on the heat collection under con- 
ditions prevalent in this country, and an experimental 
heater constructed of copper tube-in-strip is being in- 
stalled at the Woolwich Polytechnic, London. This will 
be completely instrumented and used to obtain data 
through the year. The project is being undertaken by 
George Hassan, a member of the engineering teaching 
staff, who is also investigating thermal circulation 
through tubes at various angles of inclination to the 
horizontal. 

In addition to the above studies, the writer visited 
Malta in 1957 at the invitation of the government to 
report on the potential applications of solar energy. 
The situation in that country is very much more favor- 
able, since radiation values are high, and fuels, partie- 
ularly electricity, very expensive. Experimental water 
heaters similar to those mentioned above have been 
installed, and are now undergoing tests, so that a 
realistic assessment may be made of economic possi- 
bilities. 

Another experiment in progress consists of a solar 
operated heating system for an open air swimming pool. 
This has been designed and installed by the Hon. Mrs. 
H. Carter, at Rogate, Sussex, and consists essentially 
of about 800 ft of 1-in. bore pipe placed within a timber 
right-angle frame of 6 in. side with the hypothenuse 
formed of transparent plastic. The pipe is painted 
dead-black, and the inside surfaces of the timber frame 
covered with polished aluminum foil. Solar radiation 
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is reflected from the foil onto the back of the pipe, and 
with some double reflection it is possible to attain a 
concentration factor approaching four. Heat collection 
for a temperature rise of 16° F can amount to 6,400 Btu 
per day for 10-ft length of pipe, the projected area of 
this length of pipe being approximately 1 sq ft. Allow- 
ing for the concentration factor of four, the heat col- 
lection of 1,600 Btu per sq ft-day compares very well 
with that for a flat-plate collector. Results of supple- 
mentary tests at Woolwich Polytechnic on a_ short 


length of this type of collector indicate that it may well 
be used as an alternative to the flat-plate  col- 
lector in certain circumstances. 

The writer is also interested in the development of a 


simple instrument for assessing the radiant energy 
which can be collected as heat during a day. The pro- 
jected instrument is inexpensive and requires the mini- 


mum of attention, and would fulfill a useful purpose 
in making a preliminary survey of the potential heat 
recovery in various countries. 
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SESSION IV: SOLAR DISTILLATION 


Solar Distillation Experiments at the 
University of California 


By Everett D. Howe 


Sea Water Conversion Laboratory, University of California, Berkeley 


Solar distillation experiments at the University of 
California were begun in January, 1952, with the de- 
sign and construction of one 4 ft x 8 ft mirror-backed 
unit and 5 units, 4 ft x 50 ft of the symmetrical glass- 
covered type. Maria Telkes served as consultant to 
this program during its inception. Testing of these 
units has continued up to the present time. In addition, 
units have been constructed of other types—tubular 
units, units with foreed air circulation, units with 
separate condensers, and wick-type units. Within the 
past year one molded transite unit approximately 4 ft 
x 8 ft has been placed in service. This unit was sent 
to us by Bruce Wilson of Australia. 

Construction of all of the units has emphasized 
economy of construction, through the use of stock sizes 
of plywood sheets and glass, rather than using sizes 
which require cutting. Locally available glass has been 
used and the transmission characteristics measured, 
rather than incur the cost of special orders for high- 
transmissivity materials. Records kept and estimates 
made indicate costs of the order of $3 to $4 per sq ft 
for most of the types considered, although some recent 
work gives promise that a price of $1 per sq ft can be 
achieved. It should be noted that the production rates 
possible with simple tray-type distillers is such that a 
construction cost of about 25¢ per sq ft must be 
achieved if a price goal of $100 per acre-ft of water is to 
be realized. 

Performance tests of several kinds have been run 
on the 4 ft x 50 ft units. Heat balances have been used 
to indicate the effect of water level in the tray, of wind 
over the canopy, of air circulation through the tray, 
and the use of warm water feed at night. While one 
cannot generalize in a few words, it is generally con- 
cluded that sustained heat collection efficiencies of from 
40 to 50 per cent are possible in these simple devices. 
These efficiencies lead to production rates of the order 
of 0.1 to 0.12 gal per sq ft per day, or, stated another 
way, from 8 to 10 sq ft of tray area are required per 
daily gal of production. 


These units have now been in service for some seven 
years, and their continued operation has given some 
data on maintenance and operation, although this 
data is not as quantitative as is desirable. The most 
expensive operation is that of cleaning both the ex- 
terior of the glass, or transparent canopy, and the 
interior of the water tray. Estimated costs of these 
operations is about 20¢ per 1000 gal. 

The writer had an opportunity to visit most of the 
important research projects and_ installations con- 
cerned with the desalting of sea water during the past 
vear. A few of the ventures in solar distillation are of 
interest here. Giorgio Nebbia at Bologna, Italy, has 
been working on equipment with several water trays 
one above the other, enclosed in the same condensing 
hood. His results indicate some gain in capital costs 
may be possible. F. Grassi of the Somor Company in 
Lecco, Italy, has been experimenting with small orient- 
able distiller units. The prototype seen was made of 
metal with a number of narrow trays (about 3 in. wide) 
arranged in parallel steps with an angle of inclination 
of some 30° to 40° with the horizontal. The assembly 
Was mounted on a pivot so that it could be oriented 
toward the east in the morning and toward the west 
in the afternoon. Results were said to be somewhat 
better than those obtained with horizontal flat surfaces. 

At Nairobi in Kenya Colony, a model for a solar still 
was seen. This model, made of native vermiculite, was 
about 2!4 x 9 ft in tray size and was said to be the 
prototype of nearly 1000 units which are to be in- 
stalled in as many remote police posts for the produc- 
tion of drinking water from brackish sources. 

Closer to home is the installation being put to- 
gether by Edward Morris of San Diego, California. 
This consists of several horizontal blackened copper 
tubes about 4 in. in diameter with 120 paraboloidal 
silvered glass mirrors 25 in. in diameter mounted below 
the tubes and concentrating the sun’s energy on spots 
of the tubes. The mirrors are mounted on swinging 
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south-facing racks and are fixed in daily orientation 
with their axes pointing to the zenith position of the 
sun. The sea water is to flow through the pipes, and 
any vapor formed is to be collected near the outlet and 
passed into a water-cooled condenser. The installation 


is to be completed during the spring. 
After reviewing all of the work done at the Univer- 
sity of California, the projects abroad and the several 


reports available on solar distillation, it appears that 


simple solar distillation is not yet ready for large-scale 
application. There is need in the U. 8. A. for a limited 
number of small-scale applications, similar to the Kenya 
Colony one noted above or to the present usages in 
Australia and Algeria. Large-scale applications will 
need to await development of more efficient schemes 
for utilizing solar heat, such as multi-effect operation, 
or the reduction of capital costs by at least a full order 
of magnitude. 
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SESSION V: SOLAR REFRIGERATION 


The Florida Program in Solar Refrigeration 
and Air Conditioning 


By Erich Farber 


been or seems to have been neglected in the literature. 
It appears to be a logical application for the energy 
from the sun since, first, it is needed in areas where sun- 
shine is abundant and, secondly, the greatest amount of 
energy is available when the need for refrigeration or 
cooling is greatest. 

The University of Florida has a long-range program 
in solar energy refrigeration and air conditioning be- 
cause this state has considerable sunshine all year round 
and refrigeration and air conditioning are therefore 
almost necessities. 

The first attempt at solar refrigeration was made 
with equipment available from other experiments which 
appeared to be satisfactory for a solar refrigeration 
system. 

An available Servel absorption refrigerator was used. 
It was tested with the heat exchanger, normally oper- 
ated by a gas flame, submerged in hot oil to see whether 
enough heat could be transmitted to the generator to 
operate the system. This test had to be made because 
the temperatures of the oil were relatively low com- 
pared with the gas flame. Optimum operation was not 
expected for this reason. 

It was found that the svstem could be operated satis- 
factorily with an initial oil temperature of about 360° 
and would continue to operate once started at a tem- 
perature of about 325°F. Based upon these require- 
ments, available absorbers were selected. [lat-plate 
absorbers could not do the job since they do not reach 
the temperatures required. A concentrating cylindrical 
parabolic absorber was therefore used to heat above 
400° F a quantity of oil which was then stored in an 
insulated tank. The oil was pumped by means of a 
small pump from this tank to a heat exchanger, specially 
designed to accommodate both small flow rates and 
extreme turbulence, which transmitted the heat to the 
absorption system. The circulation of the heat ex- 
changer circuit was controlled automatically to pro- 
vide hot fluid and thus heat to the system whenever 
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The problem of solar refrigeration and cooling has 


the temperature in the refrigerator dropped below a 
certain present level. 

This system proved satisfactory and showed that 
refrigeration can be obtained in this manner. An excess 
of hot oil can be stored during the day and then used 
as needed during the night or on cloudy days. In spite 
of the satisfactory performance of the system, shown 
in Fig. 1, it was not considered an adequate solution 
to the problem. If the equipment had to be constructed 
specifically for this purpose, it would be a rather 
expensive installation. 

Since the concentrating absorber which was used, 
or had to be used to reach the required temperatures, 
rather, would work only on clear days, it was con- 
sidered advisable to design a system which could be 
operated by a flat-plate absorber, i.e., a system which 
would operate at lower temperatures and on cloudy 
days. It was obvious that present systems and the 
presently used refrigerants could not meet these re- 
requirements. Therefore, a search was made for possible 
combinations of fluids which would operate satis- 
factorily under these conditions, in conjunction with a 
flat-plate absorber. 
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The equipment we chose was simple, consisting of 
two tanks which were alternately heated and cooled. 
The intermittent svstem thus formed gave informa- 
tion regarding various combinations of refrigerants and 
solvents. Four combinations seemed to be promising: 
methyl chloride—methyl acetate 
sulphur dioxide-chloroform 
ethy! flouride-ethyl iodide 
ammonia-—water (at very high concentrations) 
: Since preliminary investigations proved so encourag- 
ing, a more elaborate system was built which allowed 
exact measurements and very good control of the 
variables involved. This system consisted of two 
evlindrical tanks with heating and cooling coils inside. 
The tanks were connected through a throttle valve. 
Hot or cold water could be circulated in the cooling 
coils and their temperature controlled carefully. Am- 
monia and water seemed to have the best properties, 
giving the highest rate of refrigeration per pound of 
refrigerant. The first tank was filled with an ammonia- 
water mixture of desired concentration, and hot water 
was then circulated in the coil to drive off the am- 
monia, which condensed in the second tank. The 
minimum temperature required to start the process 
and continue it until ammonia was found in the second 
tank was observed. This temperature as a function of 
concentration showed that the higher the concentra- 
tion, the lower the temperature of the supply water 


that can be tolerated. After the ammonia was in the 
second tank, the valve between the tanks was closed 
and the first tank cooled by circulating water through 
its coils. The evaporation process for normal operation 
took about three times as long as the charging process, 
so that the system produced cooling about 75 per cent 
of the time. 

Water temperatures as low as 130° F could be used 
at the highest ammonia concentrations. The water 
temperatures obtained from flat-plate absorbers can 
be as high as 200° F. For a system giving these tem- 
peratures, coefficients of performance of a little better 
than 0.6 were obtained. 

When one considers these results and realizes that 
about 100 times as much solar energy falls upon the 
roof of an average house as is needed for all modern 


power requirements, including heating, air condition- 


ing, refrigeration, lights, electric water heating, cooking, 
all the various motors operating appliances, etc., there 
seems to be a great opportunity for such free energy, 
provided the initial capital investment of the system 
utilizing this energy can be kept reasonably low. 
Based upon the investigations described above, a 
continuous solar air conditioning system has been 
designed and is expected to be used in the heating and 
cooling of a test house. More detail about this work 
and the findings will be published in the near future 
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SESSION VI: THERMOELECTRIC, PHOTOELECTRIC, AND 
PHOTOCHEMICAL SYSTEMS 


In this report I would like to review the present 
state of photovoltaic solar energy converters and 
predict what might be available during the next five 
to ten years. At the present time silicon solar cells are 
the most efficient devices for converting solar energy 
directly into electrical energy. The average efficiency 
for this conversion is now 8 to 9 per cent, and cells have 
been made in the laboratory with a conversion effi- 
ciency as high as 15 per cent. Selenium solar cells are 
available with efficiencies up to 1 per cent. Gallium 
arsenide cells have been made with conversion effi- 
ciencies up to 6! per cent in small numbers, and 
cadmium sulphide cells have been made, also in small 
quantities, with efficiencies between 6 and 9 per cent. 
Other materials have been used to obtain the photo- 
voltaic effect, but to date very low efficiencies have 
been reported for these materials. 

There are three approaches that are currently being 
considered for major improvement in photovoltaic 
solar energy converters. The first method is an im- 
provement technique that was first discussed by E. 
Jackson! in 1955 at the international meeting held in 
Tueson, Arizona. It consists of stacking different 
energy band gap materials with the highest energy gap 
material facing the sun. The highest energy gap material 
will absorb the shortest wavelengths from the solar 
radiation and transmit longer wavelengths. The next 
material will absorb wavelengths to a longer wave- 
length limit and pass the still longer wavelengths. This 
process will go on in the further smaller energy gap 
materials until all the photons in the radiation have 
been absorbed. By optimising the energy gaps and 
assuming reasonable absorption coefficients, an over-all 
efficiency of 38 per cent can theoretically be expected 
for such a multilayer approach. 

The second approach is that of using a graded gap 
in the region of the p-n junction. It can be shown that 
very little improvement could be obtained over a 


The Photovoltaic Solar Energy Converter 


By Morton B. Prince 


Hoffman Electronics Corporation, Los Angeles, California 


constant energy gap material solar cell. The third 
approach is that of introducing levels in the forbidden 
energy gap of a moderately high energy gap material. 
It is believed that the cadmium sulphide cell operates 
in this manner, although the mechanism is not well 
understood at this time. Using ideal theory it is possible 
to come up with a conversion efficiency of 48 per cent 
for an optimized system of this type. 

The conversion systems just presented will require 
quite a bit of theoretical and experimental development 
work before any reasonable results can be expected. 
In the case of silicon, we expect that within one year 
from now production efficiencies of 10 to 12 per cent 
will be obtained, and laboratory efficiencies of 16 per 
cent should be observed. 

I would like to make some statement as to the cost 
of these silicon photovoltaic cells. At the present time 
these cells cost about $200 per watt for high efficiency 
cells and $100 per watt for low efficiency cells; that is, 
these dollars will buy a sufficient number of cells so 
that one watt of power can be obtained in bright sun- 
light. By 1961 it is expected that the cost will be cut in 
half, and by 1965 the cut should be one-quarter of the 
present cost. These reductions will be made possible 
by reduced cost of silicon, improved efficiencies, and 
lower production costs. 

Finally, it might be of interest to note that at the 
present time the industrial production capability of 
solar cells runs at the rate of 1.5 kw per month; that 
is, the cells produced in one month are capable of 
converting solar energy into electrical energy at the 
rate of 1.5 kw. Within 6 months, the industrial pro- 
duction capability will be up to approximately 10 kw 
per month. 
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Solar Power Converters 


By Irving Wolff 


RCA Laboratories, Princeton, New Jersey 


I intend to evaluate very briefly the progress which 
has been made since the World Symposium in 1955 
on the conversion of solar energy to electricity by 
means other than the vapor heat engine and con- 
ventional generator. At the time of the Symposium, 
both the photovoltaic cell and the thermoelectric gen- 
erator were reviewed. As a result of research during 
the past year, the thermionic diode must be added to 
the list. 

In terms of actual performance obtained, the photo- 
voltaic cell is still far in the lead. Dr. Prince has brought 
us up-to-date on the silicon cell, so that I need not 
report further. At RCA we are working with gallium 
arsenide to make the cells less subject to loss in effi- 
ciency as the temperature is raised, but have been 
limited by difficulties in preparing materials to an 
efficiency about one-half that presently obtainable with 
silicon. The major detriment to wider application of 
photovoltaic cells is still the high cost. 

I would next like to tell about some experiments 
made by Pensak in our laboratory a few vears ago 
which, although of no present commercial significance, 
are interesting scientifically and as an instigation for 
additional research. 

While depositing cadmium telluride on a heated 
substrate in a vacuum, Pensak found a new lateral 
photovoltaic effect parallel to the surface. Additional 
tests confirmed that it could be attributed to deposi- 
tion at other than normal incidence and that it could 
be enhanced by choosing the optimum angle and 
evaporation conditions. Potentials of several hundred 
volts per centimeter of surface could be obtained when 
the surface was illuminated by sunlight. Unfortunately, 
the internal resistance was many orders of magnitude 
too high to make the cell useful for power generation. 
Tests indicated that the high voltage was due to the 
formation of many junctions in series juxtaposition. 
Some of the university people at the meeting may find 
additional investigations of this effect suitable for a 
thesis project. Reference may be made to a paper by 
B. Goldstem and L. Pensak entitled “High voltage 
photovoltaic effect” in the Journal of Applied Physics 
30: 155, 1959. 

Although materials for thermoelectric power genera- 


tion have been greatly improved during the last four 


years, the application of thermoelectric generators is not 
vet attractive. The effectiveness of a thermoelectric ma- 
terial both for cooling and power generation can be 
specified in terms of a merit factor, usually called 2, 
which is equal to the square of the thermoelectric 
power divided by the product of heat conductivity 
and resistivity of the materials. Best commercial z 
values are now approximately 2.5 K 10~*. 

The thermocouple is particularly adaptable to the 
flat-plate collector, but the comparatively low tem- 
perature of the heat source makes the efficiency low. 
Assuming a hot terminal temperature 100° C_ utiliza- 
tion of 40 per cent of the solar radiation falling on the 
collector, and merit factor of 2.5 & 10>, efficiency is 
only about 1.2 per cent. Using a simple cylindrical 
concentrator of the type described by Tabor, we might 
have a hot temperature of 150° C, utilization factor 
of 50 per cent, and efficiency of 2.5 per cent. 

Considering the improved materials used, these effi- 
ciencies may appear to be surprisingly low. However, 
it must be remembered that a perfect Carnot engine 
with source at 100° C, sink at room temperature, and 
10 per cent conversion of solar energy to heat would 
produce an efficiency of only 7 per cent for conversion 
of solar to mechanical energy. 

Both improvement in merit factor and maximum 
temperature of operation of thermoelectric materials 
is underway. Researchers expect to have merit factors 
of between 4 and 5 times 10-* within a few years and 
operation to 700° C. To utilize the higher temperature 
materials, precisely oriented concentrators will be re- 
quired, with all the detriments in cost and complexity 
of operation involved. 

If a concentrating collector is to be used, the therm- 
ionic converter, which operates particularly well at 
higher temperatures, seems to offer more immediate 
promise. The thermionic converter is simply a therm- 
ionic diode with the cathode made of high-work- 
function material and the anode having a low-work- 
function surface. A gas such as cesium vapor may be 
introduced to reduce the work function of the anode 
and space charge effects in the tube. The tube shown 
in Fig. 1 is one which we built at RCA particularly for 
solar conversion. 

With reasonable assumptions one can compute effi- 
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Fic. 1—Tube for conversion from solar energy to electrical 
power. 
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CONVERSION EFFICIENCY 7 AS A FUNCTION OF CATHODE WORK 
FUNCTION ¢ WITH CATHODE TEMPERATURE T AS A 
PARAMETER 


Fic. 2—Conversion efficiency 7 as a function of cathode 


work function ¢ with cathode temperature 7’ as a parameter. 


ciencies of approximately 40 per cent for heat-to- 
electric conversion with hot temperatures of the order 
of 2500° K. The curves, Fig. 2, show the calculated 
efficiencies as a function of work function and tem- 
perature of cathode. Anode work function correspond- 
ing to cesium (1.8 volts) and temperatures low enough 
so that reverse current is not a factor are assumed. 
Efficiencies of between 15 and 20 per cent for heat- 


to-electric transformation have already been measured 
for some converters (not designed for solar use). Assum- 
ing utilization of one-half the incident energy, a therm- 
ionic converter could give an efficiency between 15 
and 20 per cent. A few words of caution, however. 
(1) A tube having this efficiency especially designed 
for solar energy conversion has not yet been con- 
structed. (2) The life problems are unknown. (3) 
Because of the small voltage developed (of the order 
of 2 volts) power available per sq em of cathode area 
has been limited to some 20 watts. (4) Because cathode 
emission and life are such a rapid function of cathode 
temperature, critical control of illumination will be 
required. 

I stated at the beginning of this review: ‘‘In terms 
of actual performance obtained the photovoltaic cell 
is still far in the lead.’’ Of more interest, however, is 
the future. Progress is being made in all areas, but I 
believe that the photovoltaic cell still is the most 
attractive of the three systems I have reviewed for 
the conversion of solar to electrical energy. 

This conclusion is based, in the main, on an analysis 
of the process of conversion. The photovoltaic cell is 
unique in utilizing the photon directly. The thermo- 
electric and thermionic converters require an inter- 
mediate conversion to heat and thus suffer from all 
the limitations of heat engines as well as from loss of 
substantial energy by reradiation from the hot ele- 
ment. The sink must be kept at as low a temperature 
as possible. Particularly in space use, where all heat 
must be disposed of by radiation, this becomes a dif- 
ficult problem. The solar cell is very flexible. It can 
be used as a flat-plate collector or with a moderate 
degree of concentration, as described in Edlin’s ex- 
periments. It appears to have indefinite life. 

The major detriment to increased application of the 
photovoltaic cell is economic. Although the cost has 
been reduced by a factor of almost an order of magni- 
tude since our Phoenix meeting, it is still prohibitively 
high for most applications. A further reduction by a 
factor of at least 100 is still required. Dr. Prince says 
that we can expect a factor of five from improved 
manufacturing methods and larger quantity manu- 
facture. The remainder will have to come from new 
techniques not now developed. I have every expecta- 


tion that these will be found. 
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Summary ot Developments 


By G. L. Pearson 


Bell Telephone Laboratories, Murray Hill, New Jersey 


This session has covered a number of different topics 
related to the conversion of solar energy into elec- 
trical energy. These include: (1) the photovoltaic effect 
at p-n junctions in various semiconductors, (2) the 
thermoelectric effect in some recently developed alloy 
systems, and (3) the thermionic effect in specially 
prepared cathode structures. In addition, Dr. Daniels 
reviewed recent work on the photochemical reactions 
involved in photosynthesis. 

It is perfectly clear from what has been reported 
that the most efficient means for converting solar to 
electrical energy is through the use of silicon photo- 
voltaic cells. A limited supply of commercial cells are 
currently available with efficiencies up to 11 per cent, 
and 6 to 9 per cent cells are in quantity production. 
The continuous operation of such power sources in the 
Vanguard satellite over the past 15 months has pointed 
the way to future applications in space vehicles. Other 
materials such as gallium arsenide and cadmium sulfide 
are under test, but at the present stage of development 
are somewhat less efficient. It is hoped that future 
advances will provide photocells which can produce 
more watts per dollar for earthly use and more watts 
per pound for space use. A step in this direction has 


been suggested through the use of concentrators. 

New alloys have been produced, notably lead tel- 
luride and lead selenide, which are very efficient at 
converting thermal energy to electrical energy when a 
large temperature difference is available. These show 
great promise in conjunction with nuclear reactors. 
The efficiencies for conversion of solar heat energy to 
electricity are relatively low due to the small tem- 
perature differences attainable. Flat-plate units have 
been made to operate at 1 per cent efficiency and 
concentrators have raised this to 2.5 per cent. 

Thermionic converters for transforming heat energy 
into electrical energy are likewise more efficient when 
operating at a wide temperature difference between 
cathode and anode. We have just seen an experimental 
model of a thermionic solar energy converter. With 
concentrated sunlight this has been tested at 5 per 
cent conversion efficiency. 

The photochemical processes involved in photosyn- 
thesis are of a complicated nature as shown by many 
researchers over the past decade. Significant progress 
is being made in the understanding of these processes, 
and we may look forward to even greater progress in 


the future. 
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SESSION VII: SOLAR FURNACES 


A great number of publications in this journal have 
referred to the computation and the design of solar 
furnaces which have been used for research and develop- 
ment work and for semi-industrial work in the field of 
high temperatures. We have often been asked to show 
some results of the work carried out by means of these 
solar furnaces. Accordingly, this contribution is pre- 
sented. It refers to a field in which differences in the 
interpretation of results obtained by several authors 
have been discussed for some time. It is expected that 
this contribution will help to clarify some phases of 
this work. 

Zirconia, ZrOs, is one of the highest melting oxides. 
Its melting range, according to Lambertson, Mueller 
and Gunzel, Jr.,! is 2710 + 10°C. The modifications of 
zirconia were investigated by many authors. (See, for 
example, tests and reviews by Conn,?:* Geller and 
Yavorsky,* Murray and Allison,> Weber and Schwartz,® 
and K6éppen.’) 

Several methods to melt zirconia were tried by the 
author. They included the use of mixtures of gases, the 
electric arc between a carbon electrode and a zirconia 
rod (are furnace), and a cathode-ray furnace operated 
in high vacuum. However, contamination of the samples 
occurred because of the presence of gas or carbon 
products; the cathode-ray furnace gave a dark product 
containing a large amount of zirconium metal due to 
the reduction of ZrO. upon prolonged heating as re- 
quired in this type of work. It was not until a solar 
furnace was used for heating that satisfactory results 
were obtained. 

The solar furnace permits the melting of most highly 
refractory nonmetallic and metallic compounds and 
alloys under very pure conditions and in an oxidizing 
atmosphere (if desired also in a neutral or reducing 
atmosphere or at more or less than atmospheric pres- 
sure). Heating can be carried out very rapidly, and the 
samples can be quickly cooled or quenched. 

The first such melting of zirconia, in a solar furnace 
designed by R. Straubel of Jena,* was accomplished by 


A Review of the Production of Molten 
Zirconia in the Solar Furnace 


By William M. Conn 


Consultant, Kansas City, Missouri 


Conn.’ © The furnace was equipped with a heliostat, 
and the optical axis was vertical. Three products of 
heating were obtained from zirconia: (1) the partly 
vitrified original material; (2) a clear or yellowish 
transparent, glass-like product; and (3) a clear product 
containing many small crystals. 

Because of the great hardness of the products of 
melting (8 to9on the Mohs’ seale), it was not possible 
at that time to prepare thin sections from the molten 
and quenched material for petrographical examination. 
The conclusion was drawn, based on x-ray diffraction 
tests and the first precision measurement of thermal ex- 
pansion, that zirconia forms, in addition to the mono- 
clinic and tetragonal modifications, a trigonal modifi- 
cation and a glass. The monoclinic and tetragonal 
modifications, first discussed by Ruff and Ebert,"! were 
confirmed by many other observers, while the trigonal 
modification was mentioned only by Davey,'? Groth,’ 
and Geller and Yavorsky.* 

Later results of melting zirconia in solar furnaces of 
various types were published by several authors: solar 
furnaces equipped with a single paraboloidal mirror 
were used, for example, by Trombe, Foex, and Wyart," 
Mizuno and Noguchi,’ and Glaser.’® The melting of 
zirconia Was also observed by Trombe and Foex!’ in 
tests with the semi-industrial solar furnace in Montlouis, 
France, in which a compound mirror with heliostat is 
used as concentrator. Most investigators obtained only 
crystalline products of melting. 

An attempt was made to clarify the question of 
whether or not zirconia glass can be produced. Solar 
furnaces of 120 in. and 60 in. diameter were used which 
had been developed during the last decade. (See the 
publications'**! of Conn and his coworkers.) These 
furnaces permit, by means of an accurately adjustable 
cylinder of aluminum alloy, a close control of the 
temperature of the sample, which can be heated to any 
desired temperature within the working range of the 
furnace. In addition, provision is made, by means of 
rotating sectors, to read the temperature of the sample 


= 
4 
\T 
i 
° 
= 
} 
i 
- 


with great accuracy, limited only by the accuracy of 


the optical pyrometer in different temperature regions. 

The samples were obtained from the Deutsche 
Gasgluehlicht-Auer Company, Berlin; the Norton Co.. 
Worcester, Mass.; and the American Lava Co., Chatta- 
nooga, Tenn. They contained from 2.55 to 3.0 per cent 
MgO and traces of Al and Si. The samples were in the 
shape of rods } in. to 7% in. in diameter and 35 in. 
to 5¢ in. in length. The end of the sample which was 
placed into the focal area of the paraboloidal mirror 
was heated for one to three minutes to about 3000°C 
5400°F), i.e., to a temperature above the melting point 
of the sample. This resulted in a melt of low VISCOSITY 
and gave sufficient time to remove gas and crystalline 
inclusions from the molten bath. The products of 
melting showed upon cooling both the original vitrified 
material and transparent areas. In some cases. a 
glossy, porcelain-like product was obtained. 

Figs. | through 5 show some samples from our tests, 
Fig. 1 shows a sample from above and Fig. 2 another 
sample from the side. The arrows are pointing to the 
transparent areas, and the broken lines of Fig. 2 indi- 
cate the position of the rod. One recognizes the molten. 
transparent areas alongside of the unmolten, fine- 
grained material of the rod. The sample of Fig. 3 shows 
molten areas with transparent extensions of frozen 
melt. Fig. 4 shows a similar area of another experiment. 
Fig. 5 shows a sample with a procelain-like area. 
similar in appearance to devitrified glass. 

The products of melting were tested in 1958 at the 
Max Planck Institute for Silicate Research. Wiirzburg, 
Western Germany, where the author spent several 
months. Due to an improved technique, in particular 
to the skill of Meister Stumpf of Wiirzburg, it was 
possible to prepare thin sections from the very hard 
molten samples. They were used by Dr. K6ppen? to 
identify the materials. Other tests were carried out by 
other members of the staff. 

The results of all chemical, microscopic, spectro- 
scopic, and X-ray tests indicate that the samples show 
only crystalline structures. The transparent areas are 
not due to glass but to cubic erystals of a solid solution 
of MgO in ZrOs. The remainder of the samples shows 
the monoclinie modification of zirconia. This result 
differs from the result of Duwez, Odell, and Brown. 
Jr.,** who expect the formation of the tetragonal and 
not of the cubic form upon cooling. Our results agree 
well, however, with results obtained by Dietzel and 
Tober.* 
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Fic. 1—Molten and quenched zirconia sample. Arrow points 
to the transparent area. Source: Norton Co. 


Fic. 2—Molten and quenched zirconia sample. Position of 


sample indicated. Source: Deutsche 


Gasgluehlicht-Auer Co. 
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. Fig. 9 omen * and quenched zirconia stabilized sample. Fic. 5—Molten and quenched stabilized zirconia sample 
Sree: NOS LO with porcelain-like area. Source: Norton Co. 


Robertson for work with the solar furnaces, and to 
Miss A. Gottschalk of the M. P. L. for Silicate Research 
for preparing the photographs. 
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The number of solar furnaces built for high tem- 
perature research has increased considerably in recent 
vears. In 1955 there were only two such furnaces in 
the USA. By 1957 this number increased to over 26 
in addition to the six built in foreign countries. No 
reliable information is available on the exact number at 
present, but it is estimated that close to 100 solar 
furnaces have been built and are used at one time or 
another for high temperature research or measure- 
ments. Academic institutions as well as government 
and industrial organizations installed these furnaces 
for research problems which cannot be pursued with 
conventional furnaces. 

The solar furnace is claimed to permit investiga- 
tions at very high temperatures under conditions very 
favorable for research. Considering the large number 
of solar furnaces available and the type of organiza- 
tions where these were erected, reports on the adapta- 
tion of the solar furnace to various research efforts 
and the results of such efforts should be forthcoming 
in abundance. 

This, however, is not the case. With a few excep- 
tions, there are no published research reports to prove 
that the solar furnace is as useful in high temperature 
research as claimed. 

In searching for an explanation one finds it to be 
obvious that until now the performance of solar furnaces 
has been rather disappointing. The cause of the dis- 
appointment is not the fact that the solar furnace is 
not as suitable for high temperature research as pre- 
dicted. Experience shows that the furnace can be made 
more versatile than it was expected a few vears ago. 

The explanation for the disappointment lies rather 
in the approach most experimenters take when using 
a solar furnace. This equipment is regarded as just 
another furnace, which operates at temperatures higher 
than conventional furnaces. Experiments are planned; 
observing and measuring instruments are used without 
regard to the specific conditions existing in a_ solar 
furnace. 

Before planning to use a solar furnace one has to 
consider carefully its restrictions as well as its ad- 
vantages. Sometimes, conditions can be changed so as 


Solar Furnaces for High Temperature 
Research 


By T.S. Laszlo 


Aveo Research and Advanced Development Division, Wilmington, Massachusetts 


to accommodate the experiment to these restrictions. 
In other cases it has to be realized that the solar 
furnace is not suitable for the planned experiment. 

One of the most important restrictions in’ solar 
furnace work is the size of the hot zone. The maximum 
flux image is approximately 8 mm in diameter on the 
60-in. searchlight-type solar furnaces. This value is 
specific to the concentrator and cannot be changed. 
If the planned experiment cannot be modified in such 
a manner that a hot zone of this size is sufficient, the 
solar furnace should not be used. It has been found, 
however, that the size of the specimen to be heated 
is established frequently by convention rather than by 
essential parameters of the planned work. A completely 
fresh approach to the problem may reveal that a 
specimen much smaller than used before is satisfae- 
tory for the planned examination. 

Another restriction is the fact that the specimen is 
heated only at the front surface. Two different ap- 
proaches are available for overcoming this difficulty. 

First, it is possible that by an unconventional re- 
design of the planned experiment it can be performed 
by heating only the front surface of the specimen. If 
this is not possible, the second approach is to modify 
the heating procedure in order to obtain more uniform 
heating. Several methods can be suggested. The sample 
can be surrounded by a refractory shield which is 
heated in the furnace. The shield in turn will heat 
the specimen by radiation. The shape and refractoriness 
of the shield will set a temperature ceiling on this 
method. Another solution may be the rotation of the 
sample in such a fashion that it is heated evenly by 
the concentrated solar radiation. 

A similar approach has to be taken in the employ- 
ment of observing and measuring instruments. Little 
conventional equipment yields itself for solar furnace 
use. In many cases, completely new methods and 
instruments have to be devised in order to accommodate 
the existing unusual space and radiation conditions. 

Only if the principle of a completely fresh approach 
to every experimental problem is followed can the 
solar furnace be used widely as a unique and versatile 
tool in high temperature research. 
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Solar Furnace Research in Japan 


By Tetsuo Noguchi 


Government Industrial Research Institute, Nagova, Japan 


A brief description of solar furnace research in the 
Solar Research Laboratory of the Government In- 
dustrial Research Institute, Nagoya, is presented in 
this report. 

The design and construction of the first solar furnace, 
reported! Hisada, * 
was begun in the spring of 1954. Details of the furnace 
installation are given in Table I. High purity aluminum 
plates of 8 mm thickness were welded and parabolized 


at the 1955 Symposium by T. 


with a lathe into a metal reflector of 2 m diameter 
(Fig. 1 

The heat flux density in the focal plane of this 
furnace was estimated by the moon’s image method?* 
to be about 300 watts per sq em, the diameter of the 
moon’s image on the bromide paper being measured as 
a function of the reciprocal of the exposure time. This 
value was confirmed by fusion test of binary oxides, 
i.e., MgO-CroO; and MgO-CoO, as well as by a math- 
ematical formulation of the accuracy of the parabolized 
reflector surface. 

It would be preferable to use a phototube or photo- 
cell’ rather than a printing paper in this type of 
measurement; however, because of difficulties in the 
accurate probe positioning and tracking of the moon, 
the moon’s image method was thus adopted. 

With the aluminum reflector furnace, fusion of several 
metal oxides of mono and binary systems were 
studied,®: especially an AlO;, AlO;-TiO., and MgO- 
TiO. system. In the microscopic observation of the 
molten specimen undergoing rapid heat treatment: 
(1) y-AlO; was formed among a-Al.Os, similar to that 
observed in the flame fusion of a-AlO;: (2) in the 
equimolecular mixture of AlO; and TiOs, only 
ALTiO;—the stable form at lower temperature—was 
formed: (3) in the specimen containing MgO:TiOs in 
ratios ranging from 9:1 to 1:9, the existence of 
-2TiO., MgO -TiQs, and 2 MgO- TiO. was Ccon- 
firmed. However, the melt showed a slightly different 
composition; this might be caused by a partial vapori- 
zation of TiQs. 

Design problems of a solar furnace have also been 
discussed.’ A theoretical analysis of the concentration 
of solar radiation by an ideal paraboloid was made 


* Former Director of the Institute, now Director of Planning 
Bureau, Agency of Science and Technics, Japan 


Fic. The aluminum reflector furnace. 


with the reference to aperture ratio. The heat flux 
density at the focal plane of the solar furnace per unit 
area, Em, was calculated as: 
Em = (4 y Fu/a*) sin? Bm 

where: 

reflectivity of mirror, 

incident solar radiation per unit area perpen- 

dicular to the sun’s ray (watts per sq em), 

constant (2 tan 16’), 
38m = rim angle. 
The effects of error on the geometrical perfection of 
the reflecting mirror surface, the accuracy of the sun- 
tracking mechanism and of the sample positioning were 
also related in this paper. 

In 1958, the second solar furnace of heliostat type’ 
was constructed and installed in the new building of 
the solar research laboratory. * 

A surplus searchlight mirror with a back-silvered 
glass reflector'’ (14 mm thickness) was used (Fig. 2); 
the dimensions are listed in Table I. Measurement of 
the geometrical accuracy of the mirror surface was 
made by the autocollimating method, with a combi- 


nation of rigidity measurement of the mirror itself and 
of its supporting frame. Results obtained showed a 42” 
angular deviation of the normals from those of the 


* The project on space heating and cooling by solar energy 
has been started since the spring of 1958. Equipment was 
constructed in this laboratory in November, 1958, and experi- 
ments are still proceeding. 
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TABLE I 
Furnace No. 


Main mirror: 
Mirror materials 
Reflecting surface Aluminum (front) 
Mounting Equatorial 
Aperture 2m 
Focal length 64 cm 
Rim angle 76 
Theoretical image diameter 6 mm 

Auxiliary mirror None 


Aluminum 


Astron. controlled 

Cylinder 

Optical pyrometer (Pyro 
Werk) 

Maximum temperature obtained | 2300° C 

Maximum flux measured 300 watts/em? 

Reflectivity efficiency est. 


Sun-tracking mechanism 
Temperature control 
Temperature measurement 


ideal teflectivity of the paraboloid 
measured by a selenium photocell was about 75 per cent. 


The heliostat" of 240 em square consists of 16 segments 


paraboloid. 


of front-surface mirror with a protective coating of 
SiO (Fig. 3, Fig. 4). Each segment was adjusted by the 
autocollimating method. Errors due to irregularity of 
the surface of the mirror segments and to the distortion 
of the mirror itself and the framework are equal to 2’ 12” 
of the total. Reflectivity measured by the use of Kipp’s 
actinometer was about 85 per cent. 

The sun-tracking mechanism of the heliostat was 


Fig. 2—The parabolic reflector of the second solar furnace. 
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constructed with four phototubes, servovalves, and 
hydraulic cylinders, as shown in Fig. 5. 

In the second furnace, maximum heat flux density 
at the focal plane was estimated as about 1600 watts 
per sq em, assuming that the intensity of solar radiation 
was 0.1 watts per sq em. 

tecently, thermal cracking of petroleum gas to 
produce acetylene was studied in the furnace at temper- 
atures of about 3000°C.'* The reactor is made of 
graphite and fixed in a fused silica tube with a water 
cooling system. Acetylene yields of about 30-40 per 
cent and 20 per cent were obtained by heating propane 


3—The heliostat of 240 em square 
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Fic. 6—Vacuum fusion of tungsten by the solar furnace. 


and butane, respectively, at the focal point of the 
furnace, within ;é» ~ yéo seconds, without any gas 
stream circulation. 

Thus, the second furnace is used for the study of 
high temperature gas reactions as well as for the con- 
tinuous vacuum fusion study of high temperature 
refractory materials. (Fig. 6). Another searchlight mirror 
of the same size as the reflector described above is used 
as a third solar furnace in temperature and emissivity 
measurements with a rotating sector. 
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The Status of Solar Furnace Research 


By Peter E. Glaser 


Arthur D. Little, Ine., Cambridge, Massachusetts 


The National Academy of Sciences has recently 
appointed a committee to help accelerate materials 
research and development to assure continuing techno- 
logical progress. Those of us who are concerned with 
this field certainly welcome the recognition of the need 
to increase our understanding of the behavior of ma- 
terials at high temperatures. Solar energy furnaces, 
because of their radiation heating abilities, have played 
and will play an important role in those phases of 
high temperature research projects where a source of 
uncontaminated, controllable, and directed energy has 
to be used under specified conditions of atmosphere 
and pressure. 

Some time ago the potentialities of the solar furnace 
as a source of high temperatures for energy generating 
and research purposes were rediscovered in this country, 
and considerable public interest was aroused by the 
splendid promise of harnessing the sun’s energy to 
solve our dependence on fossil fuels. Because of the 
glowing accounts given at that time, the impression 
was widespread that all one had to do was either 
assemble an array of mirrors or obtain a used search- 
light, and one could go about unlocking nature’s secrets 
or generating significant amounts of power. 

As a result of this publicity some disillusionment 
set in, particularly on the part of those groups which 
thought that through solar furnaces they had found an 
easy road to technological progress. The hard facts are 
that considerable ingenuity, scientific analysis, and 
development work are required to bring the solar 
furnace from a laboratory curiosity to a valuable 
research tool. The problems that had to be overcome 


before this could be accomplished included the optimiza- 
tion of the optical system, decisions regarding col- 
lecting-mirror dimensions to perform a given task, 
instrumentation to measure the heat flux and tem- 
perature occurring at the sample, and—most difficult 
of all—working out experimental techniques which 
could utilize the radiation energy provided in a solar 
furnace for the study of a particular physical or chemical 
property or phenomena. 

There are now, in this country, a number of solar 
furnaces with which active research work is being 
carried out. They range in size from the smaller search- 
light-type furnaces to the large solar furnace installa- 
tion at Natick, Massachusetts. 

Instrumentation has been developed for the measure- 
ment of absolute heat flux in the sample plane as well 
as for the measurement of flux distribution across this 
plane. The difficult problem of measuring the surface 
temperatures of samples exposed in the solar furnace 
has been successfully solved by radiation pyrometry, 
and controls are available for obtaining a constant 
temperature or a desired transient temperature change. 
An optical attachment to the solar furnace has been 
developed which allows distribution of the heat flux 
uniformly over a larger area rather than concentrating 
it into a small area of very high heat flux. 


By means of new experimental techniques high tem- 


perature data have been obtained on thermal properties 
and chemical reactions due to high radiation energies, 
and studies on the crystalline and pure forms of ma- 


terials have been carried out. 
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Solar Abstracts 


Battery Research and Development Conference, 11th, 
It. Monmouth, N. J., May 22-25, 1957, Proceedings. 
Power Sources Division, U. 8. Army Signal Engi- 
neering Laboratories, Ft. Monmouth, N. J. 116. p. 


Illus. 


This conference is held each vear by the Power Sources 
Division, USASEL, to present and discuss results of Govern 
ment, university, and industrial investigations in the battery 
field. This volume includes papers on primary batteries and 
secondary and special purpose batteries and on recently 
developed batteries, including nuclear and solar devices. 
Papers on solar batteries are abstracted individually below. 


Daniels, Farrington, ‘Solar energy and energy storage 
(In: Battery Research and Development 


1957, Pro- 


devices.” 
Conference, 11th, Ft. Monmouth, N. J., 


ceedings. p. G2—QG, ) 


Discusses two problems: (1) conversion of solar energy into 
electricity, by focusing sunlight onto a boiler and operating 
steam engine and dynamo, and by photochemical and photo 
voltaic methods; (2) storage of energy, in water tanks, pebble 
beds, and in chemicals. The best way of storing solar energy is 
through the use of storage batteries, but new and cheaper 
tvpes are needed. Various storage batteries are considered for 
this application from the point of view of cost 


* * * 


Hunrath, G., “Application of solar energy.” (In: Bat- 
tery Research and Development Conference, 11th, 
lt. Monmouth, N. J., 1957, Proceedings. p. 99-102. 
Illus. 


Describes a number of solar energy conversion experiments 
undertaken by the U.S. Army Signal Engineering Laboratories 
and the Naval Research Laboratory. The NRL carried out 
rocket experiments at the White Sands Proving Grounds in 
which five solar energy converters were mounted in the base of 
the rocket nose cone and sent to an altitude of 126 miles. The 
telemeter record showed satisfactory operation of the solar 
cells during the entire flight. Output varied between 2.7 and 1 
volt for four of the converters and: beteen 2.1 and O volts 
for the single converter used as an aspect indicator. Another 
solar energy conversion system under consideration consists of 
four groups of solar energy converters arranged on the sphere 
in the form of an equilateral tetrahedron. The White Sands 
experiments indicated that a solar conversion system was 
capable of furnishing power on a long-term basis for satellite 
instrumentation 


Lunz, R., “Sealed cells with solar converters.” (In: 


Battery Research and Development Conference, 
lith, Ft. Monmouth, N. J., 1957, Proceedings. p. 89 
92. Illus. 


In August 1956 an investigation was set up at USASEL to 
determine the voltage and cycle life characteristics of sealed 
and vented rechargeable cells when used with silicon solar 
converters as power supplies for the electronics and instru 
mentation of satellites. In this paper data relating to nickel 
cadmium cells are presented. The investigations were carried 


out internally at the Laboratories and externally with the 
Nickel-Cadmium Battery Corporation and the Sonotone 
Corporation. Solar converters were used for charging and two 
rates were selected for discharging. In the external program 
work was directed to establishing an optimum charging volt 
age and maximum discharge current permit operation within 
a required voltage drop of 20°) from end of charge to end of 
discharge. Results indicate that the sealed nickel-cadmium 
cells with solar converters offer great promise as the power 
supply in satellites. 


Rappaport, P.; Loferski, J. J. “New solar converter 
materials.”’ (In: Battery Research and Develop- 
ment Conference, 11th, Ft. Monmouth, N. J., 1957, 
Proceedings. p. 96-99. Illus.) 


Summarizes work at the RCA Laboratories on an investiga 
tion into materials for photovoltaic solar energy converters. 
The principles of solar converter operation are outlined and a 
theoretical analysis made of the optimum semiconductor. A 
survey of existing semiconductors determined those lving 
near the peak of the theoretical efficiency vs. energy gap curve. 
Solar cells were made of GaAs, InP, and CdTe, and the current 
voltage characteristics measured. Conversion efficiencies 
ranging from 2°, to 6.5°, have been achieved with these ma 
terials. 


Chung, R.; Lof, G. O. G.; Duffie, J. A. “Solar space 
cooling.” Chem. Eng. Prog. 55(4): 74-78. Apr. 1959. 
Also in: Air Cond. Heat. Vent. 56(7): 50-53, July 
1959. Illus. 


Design problems of the combination of a flat-plate solar 
collector with an absorption air conditioner have been studied, 
and a design established for a cooler of nominal capacity of 
8,000 Btu per hour, for application to a part of a laboratory 
building. The cooler uses a flat-plate collector (suitable also 
for winter heating) having 107 sq. ft. of area to provide the 
cooling capacity for an S8-hour working day. Energy storage 
equivalent to approximately 2 hours of cooling capacity is 
necessary for this application, either between the collector 
and the generator of the air conditioner, or between the evapo 
rator of the conditioner and the space to be cooled. (authors’ 
abstract 


Cunniff, Charles V., “Solar radiation on walls facing 
north and south.’ Cond. Heat. Vent. 56(8): 
64-67, Aug. 1959. Illus. 


Solar radiation on vertical surfaces at the U. S. Weather 
Bureau’s Solar Radiation Observing Station at Blue Hill 
Observatory, Milton, Mass., measured by Eppley pyrhelio 
meters. North measurements were recorded for 7 years; south 
measurements for 10 vears. 


* 


Foote, H. L.; Shair, R. C., “Eleetrical storage of solar 
energy.”’ Mech. Eng. 81(7): 41-48, July 1959. Illus. 


Klectrochemical phenomena offer the only technically 
feasible means of storage of solar energy for small stationary 
solar power plants. A large reduction in the cost of such devices 
is required for economic use. Estimates indicate that a two to 
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tenfold reduction in cost of storage-battery systems is neces 
sary to achieve economic solar-energy usage. The authors do 
not believe that the present methods of constructing electro- 
chemical storage devices will permit this reduction and that 
new methods must be explored. 


* * + 


Khanna, Mohan Lal; Gardner, A. L.; Davey, T. N.; 
Suri, S. P., “Plane-glass mirror solar energy con- 
centrators for concentrating sugarcane & palm 
juices.” J. Sez. Ind. Res. 18A(5): 201-48, May 1959. 
Illus. 


The design, construction and working details of a plane- 
glass mirror (9 in. square) solar energy concentrator are de- 
scribed. The results of experiments on the evaporation of water 
and cane juice, using reflectors with over-all dimensions of 
3x3 ft and6x3 ft, are presented. The advantages of this type 
of collector over the conventional concentrators, such as low 
cost, simplicity of construction, ease of handling, and porta- 
bility have been pointed out and the probable economy in the 
sugarcane and palm gur manufacturing industries, by the use 
of this type of reflector, has been assessed. (authors’ abstract ) 


* 


Nebbia, Giorgio, “An experiment with a_ vertical 
solar still.” Paper presented at the UNESCO-Iran 
Symposium on Salinity Problems in Arid Zones, 
Teheran, Oct. 11-15, 1958. 3 p. Illus. 


This solar still is characterized by a vertical structure, with 
{ rectangular trays each 3 sq ft in area assembled one on top 
of the other in a glass enclosure. Maximum production is about 
0.9 gal per day when intensity of solar radiation is about 
2200 Btu. 


* * 


Schuepp, Walter, ““Meteorologische Gesichtspunkte zur 
technischen Auswertung der Sonnenenergie.”” (Me- 
teorological aspects on the technical utilization of 
solar energy.) Arch. Meteor. Geophys. Bioklimatol. 
9(2): 272-91, 1958. Illus. 


The intensity of the solar energy perpendicular to the solar 
beam at the limit of the Earth’s atmosphere is 1385 watt/sq m. 
The incoming radiation falling on a horizontal surface is 
studied for the climate of Belgian Congo with regard to the 
possibilities of its application for different purposes. Attention 
must be paid to the loss of heat by heat radiation of the receiv- 
ing surface; this loss does not allow working at high tempera 
tures with a black receiver. There exist materials (Cr and Ti on 
the plate surface for instance or Al-SiO in thin layers on the 
glass plate surface facing the black plate) which have a much 
smaller heat radiation than a black surface and allow the flat- 
plate receiver to work at higher temperatures (373°K for in 
stance) even for low intensity of incoming radiation. In middle 
latitudes inclined or vertical surfaces facing south receive more 
radiation than a horizontal one, especially in winter; formulas 
are developed for estimating radiation income for such sur- 
faces. Possible efficiency for mechanical energy is also calcu- 
lated. (author’s abstract ) 


Seminar on Advanced Energy Sources and Conversion 
Techniques, Pasadena, Calif., Nov. 1958, Proceed- 
ings of a seminar on advanced energy sources and 
conversion techniques, Pasadena, California, Novem- 
ber 3-7 1958: Sponsored by the U. 8. Department of 
Defense in cooperation with California Institute of 
Technology, University of California, Los Angeles, 
under the auspices of the U. 8. Army Signal Corps 


Contract No. DA-36-039 SC 78064. ASTIA No. 
AD 209301; Dept. of Commerce OTS No. PB 151461. 
Volume 1. 260 p. Illus. 


Nonclassified papers presented at a restricted conference of 
government military and civilian personnel employed in fields 
of energy conversion research. The papers identify and explore 
present and expected needs for energy sources and conversion 
techniques for military applications; provide information on 
current and planned efforts in these fields; examine the effects 
of anticipated scientific and technological advances on these 
efforts; and present suggested programs aimed at satisfying 
the military needs for energy sources and conversion tech 
niques. Several individual papers are abstracted below. 


* 


Doenhoff, Albert E. von; Hallissy, Joseph M., Jr. 
“Systems using solar energy for auxiliary space 
vehicle power.” (In: Seminar on Advanced Energy 
Sources and Conversion Techniques, Proceedings. 
p. 233-41. Illus.) 


Solar power plant for use in space vehicles which would meet 
the following requirements was investigated: (1) expected life 
of at least one year in orbit; (2) develop 4-kw useful electrical 
power; (3) power developed should be continuously available. 
These conditions affect the design of the satellite with regard 
to: (1) size and optical quality of the reflector; (2) energy 
storage by electrical or heat-of-fusion means; (3) the size of the 
radiator for heat rejection; (4) the design of the heat engine or 
other converter so as to minimize the weight. The paper con- 
cludes with a consideration of future developments in photo- 
voltaic and thermoelectric and thermionic converters. 


* 


Duwez, Pol, “The collection and concentration of 
solar energy for thermal applications.”’ (In: Seminar 
on Advanced Energy Sources and Conversion Tech- 
niques, Pasadena, Calif., Nov. 1958, Proceedings. p. 
123-26. Illus.) 


Discusses thermal applications of solar energy, including 
advantages and limitations of flat-plate collectors and con 
centrators. No matter what future technology developments 
are made, the collector area will never be less than about one 
sq m per kw. The efficiency of collectors is therefore of great 
importance. 


ok 

Kallman, Hartmut P., “Storage of radiant energy in 
solids.”” (In: Seminar on Advanced Energy Sources 
and Conversion Techniques, Pasadena, Calif., Nov. 
1958, Proceedings. p. 209-14. Illus.) 


Discusses the storage of radiant energy in solid materials 
and the rate and form of release of this energy. Considerable 
amounts of energy can be stored for rather long periods of 
time, but methods of exciting a large amount of material with 
radiation and methods of regaining the stored energy are major 
problems. A new storage process investigated under direction 
of the author, which combines storage of radiation energy and 
electric power, is described. 


* * 

Martin, Cecil G.; Denington, R. J.; Kovucik, V. P., 
“Dynamic heat engines—fundamental concepts for 
lightweight compact applications. (In: Seminar on 
Advanced Energy Sources and Conversion Tech- 
niques, Pasadena, Calif., Nov. 1958, Proceedings. 
p. 109-21. Illus.) 
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The combination of new heat sources, such as solar col 
lectors, and new environments, such as outer space, impose 
restrictions on dynamic heat engines which result in unique 
configurations. This paper presents the results of extensive 
research and development in this area. Probable design configu 
ration for components for extremely lightweight power plants 
for space application are discussed. The metal vapor closed 
evele Rankine powerplant offers a wide range of applications 
and can be used with chemical, nuclear, and solar energy 
sources. A solar power closed evcled Rankine engine is attrac 
tive for space travel in environments of low nuclear radiation, 
where the power requirement is less than 20 kw. Much recent 
research has been done by Thompson Ramo Woolridge, Inc. in 
space vehicle power applications. Five programs for future 
development are suggested, including a 1 to 10 kw solar heated 
turboelectric power svstem 


Rappaport, Paul, “The photovoltaic effect and its 
utilization.”” (In: Seminar on Advanced Energy 


Sources and Conversion Techniques, Pasadena, 


Calif., Nov. 1958, Proceedings. p. 139-49.) 


History and description of the photovoltaic effect in solar 
cells. Presently available silicon solar energy converters have 
vielded efficiencies as high as 14°;; in production quantities, 
efficiencies run between 7°, and 10°,. Experimental results 
with GaAs, InP and CdTe are also discussed, and compared 
with silicon. Work on CdS cells has been undertaken at WADC 
and efficiencies up to 7.5°, have been reported. Variation of 
efficiency with temperature was studied. A new high voltage 
photovoltaic effect observed by Pensak is described. Five areas 
where improvement could result in higher efficiency of the 
single crystal tvpe solar converter are suggested 


Rosenberg, Norman, “Photochemical processes and 
their utilization for energy conversion.”’ (In: Seminar 
on Advanced Energy Sources and Conversion Tech- 
niques, Pasadena, Calif., Nov. 1958, Proceedings. p. 
139-49. ) 


Following the primary absorption ot one photon by a mole 
cule in all photochemical acts, a wide variety of phenomena 
called processes can occur, characterized by molecular change 

reactions, dissociations, lonizations, ete These processes 
are briefly reviewed. In the photochemical utilization of solar 
energy, there are certain limiting factors; these are discussed 
In two groups a) limitations imposed by the souree and the 
applications; (b) limitations imposed by the utilization sys 
tem. The state of the art in various photochemical conversion 
processes is then reviewed. Continued investigation of photo 
synthesis and algae culture is of importance; algae appears to 
have considerable nutritional and fuel value. Criteria for a 
good light-to-chemieal energy conversion process are defined 
Nitrosyl chloride photodecomposition is attractive as a solar 
energy Conversion System, as it shows good absorption over 
the whole visible spectrum. The decomposition of water also 
offers some advantages. Photogalvanic cells of two general 
types are considered: those in which the photochemical change 
oecurs in the bulk.of the electrolyte; and those in which it 
occurs on the electrode surface 


Sohn, Robert L., 
solar radiation pressure.” ARS Journal 29(5): 371 
73, May 1959. Illus. 


“Attitude stabilization by means of 


This paper demonstrates the feasibility of stabilizing the 
attitude of a space vehicle by means of solar radiation pres 
sure. If a suitable weathervane-type tail surface is attached to 
the vehicle, solar radiation pressure, acting on the weather 
vane, will stabilize the vehicle against disturbing torques 
which arise from gravitational eccentricities (dumbbell effect), 
meteorite impacts and solar radiation pressures. (author’s 
abstract 


United Nations Eeonomic and Social Council. ‘“Eeo- 
nomic development of underdeveloped countries: 
recent developments relating to new sources of energy 
and recommendations regarding the agenda for an 
international conference; report by the Secretary- 
General, at the 27th session.”” E3218, Mar. 6, 1959. 


27p. 


Progress report on developments in the field of new sources 
of energy other than the atom, together with recommendations 
regarding the agenda of an international conference on these 
energy sources and their economic applications. The report 
covers developments since the publication of New Sources of 
Energy and Economic Development, May 1957, and deals mostly 
with practical applications capable of promoting higher levels 
of living and economic development in less-developed areas. 
Part I briefly reviews developments in these areas, including 
solar energy; part IT provides a more detailed account of recent 
applications. 


United Nations Educational Seientifie and Cultural 


Organization, ““Report of the meeting of solar radi- 


ation experts held at WMO secretariat from Feb. 
25 to 27, 1959." 6 p. UNESCO) NS/AZ/424. May 


22, 1959. 


Meeting discussed role of radiation measurements in the 
context of the research activities on arid zone problems. The 
delegates felt the following were essential (a) daily totals at 
normal incidence or on a horizontal plane; (b) daily totals of 
diffuse radiation on a horizontal plane; (¢) records of sunshine 
duration, Several recommendations were made with respect to 
a proposed survey of existing radiation data for arid zones. 
The meeting also considered the problem of a simple, robust 
and cheap recorder for solar radiation. 


* 


Zahi, H. A.; Ziegler, H. K.; Daniel, A. F., “nergy in 
space: pounds vs. power.”’ Chem. Eng. News 37(20): 
96-99, 133, May 18, 1959. Illus. 


Surveys energy sources and power systems which show 
promise or have already proved capable for space applications. 
These can be classified into two groups: those which carry 
within themselves their own source of primary energy, and 
those which take advantage of natural energy existing in the 
universe. Solar converters are the only type in the second 
category at present. The factors affecting the use of these 
sources in outer space are summarized, and the various energy 
sources, including chemical batteries, fuel cell batteries, 
nuclear converters, and solar batteries, are described. The 
1400 watts per sq m of solar energy available in space can be 
converted into electrical energy by thermoelectric, thermionic, 
solar regenerative fuel cell or photovoltaic principles. Only 
photovoltaic cells are now used. A number of factors reduce 
their efficiency in space applications to as low as 5°;. Storage 
batteries such as sealed nickel-cadmium systems must be 
provided to operate the power source on the dark side of the 
orbit. 


ALSO NOTED 


“Advances in applied solar energy surveyed during New York 
meeting.’’ Mech. Eng. 81(7): 96-97, July 1959. Illus. 

‘The earth puts the sun to work.’’ Constr. & Eng. World July 
1959: 24-28. Illus. 

“Solar energy.’’ Babson’s Repts. 50(18): 105-6, May 4, 1959. 

“Solar for small plants.’’ Chem. Week June 6, 1959. 

“Solar research house shows promising future.’’ Elec. Constr. 
& Maint. 58: 184 Feb. 1959. Illus. 

“Solar power in space.”’ Westinghouse Engr. 19: 33, Jan. 1959. 
Illus. 

“U.N. surveys development of new sources of energy.’’ Science 
129: 1114-15, Apr. 24, 1959. 
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ERRATA AND ADDENDA 


Ments, ‘‘Solar energy converters: the relationship between efficiencies and other parameters.’’ Solar Energy 


M. v 
Vol. III, No. 2: 
15, Table I, second column—read ‘‘AT%’’, not 
iS, Fig. 5—read ‘@ in °F%’’, not @in °F?” 
. 50, line 21: read ‘‘to Fig. 4,’’ not ‘‘to Fig. 3” 
line 22: omit the number ‘‘40”’ 
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